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ABSTRACT
The ability to modify the surfaces of polymers and impart desirable
functionalities without affecting the bulk-mediated physical properties is vital
for advanced materials development. Photochemical approaches to surface
modification are particularly attractive as they eliminate the need for use of
environmentally harmful materials used in conventional wet chemical
technologies, and are relatively faster and convenient to use.
In this research, we undertook a combined experimental and computational
approach to understand the effect of deep UV irradiation on a broad range of
polymeric materials, and develop a scalable and deployable surface
modification strategy that could be extended to all. Four polyesters,
polyethylene terephthalate (PET), polytrimethylene terephthalate (PTT),
polybutylene terephthalate(PBT) and polyethylene napthalate (PEN), Kapton
polyimide, a polyolefin and cellulose were the polymers investigated. Technical
grades of the material were used in order to understand the fundamental
science as well as develop a scalable deployable technology.
Surface analysis was done using the X-Ray Photoelectron Spectroscopy
(XPS), Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS),
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy(ATRFTIR), Atomic Force Microscopy (AFM) and contact angle measurements. The
experiments were carried out using a high intensity 172 nm xenon
microplasma lamp, and the effect of varying doses of UV irradiation: 0, 8,16,
and 32 J/cm2 on the polymer surfaces were characterized. The effect of using
two different intensity levels was also compared. It was found that 172 nm
excimer UV lamp was successful in creating active surface radicals in all the
polymers investigated.
In case of the polyesters and polyimide, calculated UV/VIS absorption spectra
using the ZINDO/B3LYP/321-G method or the AM1/ZINDO approach were
used to give an indication of which orbitals were involved in transitions near
172 nm, a valuable tool for predicting future research and development.
To develop a potentially useful low energy surface that would impart antisoiling and easy cleanability properties, a fluorocarbon was successfully
grafted on each material. Water and light mineral oil contact angle
measurements confirmed a marked increase in hydrophobicity and
oleophobicity, in some cases reaching that close to pure
polytetrafluoroethylene. The grafted surfaces were found to be significantly
wash durable.
This is a valuable development as the process is minimally toxic, relatively
simple, fast, efficient, economic, and easily scalable and deployable.
Particularly in the case of some polymers, such as polyolefins and cellulose,
this method bypasses the challenges of complex processing routes and
harmful chemicals that are currently used to achieve the same goal.
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Chapter 1
Introduction.
The surface is the point of interaction between a material and the external
environment or other materials. Adhesion, wettability, friction, biocompatibility, antistatic, anti-icing, anti-bacterial, gas-barrier, corrosion resistance, are some important
surface properties. As the need for high performing materials increases, understanding
the physical and chemical interactions occurring at surfaces and interfaces along with
ability to modify or create new desirable functionalities is of prime significance.
In the present world, polymers are a very important and versatile class of
materials with applications far exceeding that of any other class. These include fibers,
textiles, packaging materials, composites, coatings and adhesives to vehicle parts, fuel
lines, biomedical devices, optical systems and electronics. In nature, polymers are
abundant in the form of proteins, starch, cellulose, chitin, and natural rubber.
Historically, Jöns Jacob Berzelius coined the term ‘polymer’ in 1833, and in 1920
Hermann Staudinger proposed the modern concept of polymers as covalently bound
macromolecules. Leo Baekeland invented the first synthetic phenolic polymer Bakelite
in 1907. Since then, numerous polymeric materials have been synthesized, a
development that has played a significant role in the advancement of modern
civilization.
The huge and constant growth in the market for polymeric materials along with
the demand for novel emerging applications has driven improvements in the properties
suited for different applications. To meet the need of the different end products it is
necessary to impart a range of desired surface properties that are enhanced or different

1

from the bulk material. As examples, in flexible electronics surfaces polymer-metal
adhesion is important for interfacing interconnects. In packaging industries, printability
on the polymer surface is essential, in biomedical applications biocompatibility of the
implant surfaces is crucial. Anti-icing properties are vital for aircraft wings, and solar
cells require dust protection and anti-static surface to maintain efficiency in deserts.
Surface modifications to impart new tailored characteristics without affecting the
bulk material is extremely desirable. Several techniques are currently employed in
industry to achieve this goal, broadly classified into wet chemical and dry physical
processes. Each of these routes has advantages and limitations. Some of the most
widely used processes are briefly summarized in Table 1 and a detailed report of the
available techniques is also found in Hoffman [1].
In the wet chemical processes, the material surface is treated with a chemical
solution, such as fluoro-solvent based coating solutions, to impart soil resistance and
anti–staining property. Many of these chemicals (e.g. perfluorooctanoic acid) are
hazardous to health and environment. Thus, there is the pressing need to find
alternative methods for surface treatment that are environment friendly, efficient,
economic and scalable.
The most widely used physical processes are plasma, corona, and
photochemical treatments using radiation from lasers and ultraviolet lamps [2-6].
Physical processes have the advantage of being more convenient and having more
precise controllability as well as being environment friendly. In case of the corona
process the treated surface is not stable over time, plasma treatment requires vacuum,
and laser treatments are expensive. Many of these processes have been optimized
using Edisonian method. In most cases, the cost and complexity of research and
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development to improve on the existing techniques has not led to further large scale
deployable technology.
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Table 1: Comparison of polymer surface modification techniques [7, 8].
Polymer
surface
treatment
method
Chemical
treatments

Description

Advantages

Limitations

• use different solvents
to etch and/or
functionalize the
surfaces for different
applications

• simple and costeffective

• very selective and
material specific
• often the solvents
used are hazardous

Plasma

• a mixture of positive
and negative ions,
electrons and radicals
existing as a quasineutral cloud of ionized
gas in vacuum

• high degree of
controllability over the
treatment conditions by
varying the parameters
such as gas type, flow,
pressure
• the material can be
treated three
dimensionally
• no hazardous byproducts

• expensive and
time consuming
• vacuum
• processed
surfaces might lack
uniformity
• dependency on
process parameters
unique to each
application
• treatments shortlived and decays
with age and
humidity
• two-dimensional
treatment
• usable only in
certain applications
• ozone gas
byproduct
• two-dimensional
treatment
• possibility of
heating, surface
ablation
• high cost of
operation
• dimensions of the
product being
treated is selective

• common method to
improve adhesion,
coating / deposition
Corona

• plasma produced by
high voltage electrical
discharge under
atmospheric conditions

• relatively inexpensive
• simple and robust
process
• easy to use

Lasers

• monochromatic, highly
coherent light

• fast and efficient
process
• precise control due to
tunability and
monochromatic beam
• no toxic byproducts

Excimer UV
lamps

• nearly monochromatic
ultraviolet light
produced by the
spontaneous emission
of excimer/exciplex
molecules.

• nearly monochromatic
radiation
• high radiant exitance
in VUV
• irradiated surface is
not directly exposed to
the discharge, so no
damage or
contamination
• target surface is not
heated during operation
• efficient and uniform
processing over large
areas
• relatively fast startup
time
• economic, easy to use
• mercury free and
environment friendly
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Among the dry physical processes, Table 1, surface modification using excimer
ultraviolet (UV) lamps has several advantages and is a promising method for
customizing the surface properties without affecting the bulk material. These lamps
emit intense and nearly monochromatic radiation in the UV or VUV region. Compared
to other techniques, this is more efficient as it involves photochemically breaking and
reforming specific bonds on the surface. The process is relatively simple to use. As the
irradiated surface is not directly exposed to the discharge, there is no risk of damage
or contamination from dust or other debris from the electrodes as might happen in the
corona and plasma methods. Both the startup and processing time are faster, and the
substrate is not heated during operation. The lamps are mercury free and there are no
toxic emissions. The excimer UV lamps are also relatively inexpensive, and the
technology is scalable for uniform processing over large areas which is necessary for
large scale production [8].
Research to understand and optimize the mechanism of excimer formation has
seen good progress over the last three decades; newer methods and applications are
still being developed.
An excimer or “excited dimer” is a short-lived molecule comprising of two atoms
in which one is an excited gas atom. Noble gases and noble gas/halogen mixtures can
form excimers/exciplexes. During decomposition of the excited molecule from the
excited state to the ground state, incoherent UV radiation is emitted in a narrow quasimonochromatic spectral range, as:
Rg2 *® Rg + Rg + hn
where Rg is an atom of rare gas
Rg2 * is an excimer molecule
and hn is the energy of the UV photon emitted.
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(1)

When there is interaction between chemically different species, the process is
known as exciplex emission.
Depending on the gas mixture different wavelengths of UV are obtained, Ar2*
emits 126 nm, Xe2* emits 172 nm and KrCl* emits 222 nm wavelength radiation. The
wavelength determines the photon energy and thus the bond dissociation power,
according to the Planck-Einstein equation:
E= hc / l ,

(2)

where E is the energy of the photon in Joules,
h is the Planck’s constant,
c is the speed of light in vacuum
and l is the wavelength of the photon.
From this equation, in a xenon excimer lamp emitting 172 nm UV the photon
energy is 7.21 eV. This is greater than polymeric bonds such as C-O (~3.7 eV) and OH (4.7 eV).
In industrial applications involving polymers, 172 nm radiation is used in
photolithography, cleaning contaminated surfaces, bonding and curing of coatings,
adhesives, surface modification and grafting of new functionalities for various
applications. In our present study, we used this wavelength of excimer UV lamp for
surface modification of polymers. This lies in the ultraviolet C region (100-280 nm) of
the electromagnetic spectrum, which is strongly absorbed by oxygen in the
atmosphere. A vacuum apparatus is needed for its propagation, so it is also referred to
as vacuum ultraviolet (100-200 nm, VUV) radiation. Dry nitrogen does not absorb 172
nm UV irradiation, so our experiments were conducted in a dry nitrogen environment
at normal atmospheric temperature and pressure.
The first objective of this research was to experimentally characterize and
understand the effect of 172 nm UV radiation in transforming the surface of synthetic
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as well as natural polymers. A combination of complementary surface characterization
methods, X-Ray Photoelectron Spectroscopy (XPS), TIme of Flight Secondary Ion
Mass Spectrometry (ToF-SIMS), Fourier Transform Infrared Spectroscopy- Attenuated
Total Reflectance (FTIR-ATR), Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM) and contact angle measurements were used to get a complete
picture.
Computational modeling was done on polymers (polyesters and polyimide) to
investigate where the energy is going in the molecule. The experimental data was then
matched with computational modeling of the UV absorption spectra. This could be an
important tool to predict how a particular polymer might respond to different specific UV
wavelengths, thus optimizing the process both in terms of time and cost. In our work,
we used the Gaussian 09 suite of programs to model the polymer structures;
AM1/ZINDO method was used to obtain the simulated UV-vis spectra.
The second objective is to use the understanding of the surface chemistry to graft
new materials on the surface and enhance functionality. The grafting process was
chosen such that, if successful, it would be scalable and immediately deployable in
large scale processing. The vapor phase fluorocarbon grafting method assisted by 172
nm UV radiation was found to impart improved hydrophobicity and oleophobicity. This
is valuable particularly to products requiring a waterproof or soil and grease resistant
surface for example, anti-soils for garments or carpets [1]. This is a superior process to
impart the same with additional benefits such as fast processing time, no hazardous
materials or byproducts.
The effect of VUV radiation on four polyester materials that are ubiquitous in the
world, PET, PTT, PBT and PEN was investigated. The possibility to impart new surface
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functionality by vapor phase grafting of new material was also studied. Technical
grades of the materials were chosen so that any new findings to improve functionality
could be easily deployed on a large scale. As an example, polytrimethylene
terephthalate (PTT) fiber is widely used in synthetic carpets. By grafting a durable
fluorocarbon coating, which has low surface energy, it is possible to create an antisoiling easily cleanable surface and add value to the product. Conventional treatments
to create a fluorocarbon coating on polymers require use of toxic fluoromonomers in
solution, which have to be applied under specific operating conditions, such as elevated
temperatures. There is also the challenge of disposing the waste products formed.
In the packaging industry, polyethylene is a widely used material. It has very low
surface energy, which is a challenge for printing labels, and creating good adhesion in
food package sealing. In this work, we explored the possibility of increasing the
wettability of low-density polyethylene, as well as create an UV-assisted fluorinated
coating. Grafting fluoropolymers to polyolefins is novel and valuable for imparting soil
resistance and cleanability to carpets and upholstery. The durability of the grafted layer
to a mild wash was also tested.
As outer space exploration, human habitation on Mars and the human race
becoming an interplanetary species comes closer to reality, the study of the effect of
VUV radiation on polymers is of immediate significance. Ultraviolet and vacuum
ultraviolet radiation are among the significant causes of material degradation of
spacecraft. Polyimides are widely used as a thermal insulation material in satellites and
space vehicles as well as in terrestrial applications. Several publications on the effect
of VUV on polyimide bear testimony to the extensive research on the subject [9]. The
second polymer material for our research was “Kapton” polyimide.
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The need for renewable, biodegradable materials is increasing daily and is vital
for future applications. Cellulose is a fascinating biopolymer that is abundantly available
in nature is the fourth material of interest for our surface modification studies. Cellulose
has applications in insulation, structural composites, food, drugs and cosmetics
industries and has long been used for paper and textiles. Surface modification to tailor
the properties has a significant impact in these applications. As an example, a
challenge in using cellulose fibers in polymer composites is that they are polar and
hydrophilic compared to the other non-polar and hydrophobic synthetic polymers [10].
Different physical and chemical methods are employed to increase the mechanical
bonding at the interface, and ideally these modifications need to be confined to the
surface to preserve the integrity and strength of the fiber. Another important criterion is
that these methods meet the requirements of green chemistry as much as possible.
VUV assisted vapor phase grafting of a hydrophobic layer on the fiber surface was
found to be an efficient process to achieve that goal.

Materials studied

Polyesters
Polyesters form a very important group of polymers, familiarly used in apparel
and food and beverage packaging. The fibers and fabrics are strong and durable,
hydrophobic, resistant to stretching and shrinking and to most chemicals. The thin films
have good gas barrier properties. Polyesters are synthesized by reacting a dicarboxylic
acid and a diol. Different methods of production lead to varied structures with
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corresponding properties. Four semi-aromatic and commercially important polyesters
are:
polyethylene terephthalate (PET)
polytrimethylene terephthalate (PTT)
polybutylene terephthalate (PBT)
polyethylene napthalate (PEN)

PET [C10H8O4 ]n
Polyethylene terephthalate (PET), is a thermoplastic polymer of the polyester
family and is widely used in the production of synthetic fibers, films, food and beverage
containers. It is produced by the polymerization of ethylene glycol and terephthalic acid
under the influence of heat and catalysts.
The presence of a large aromatic ring in the PET monomer gives the polymer
notable stiffness and strength. PET is very lightweight, strong and impact resistant,
thermally stable, has high clarity, low permeability and excellent printability. It was first
prepared in England in 1941 by J. Rex Whinfield and James T. Dickson of the Calico
Printers Association of Manchester, advancing on the early research of Wallace
Carothers. In 1952 E. I. DuPont de Nemours registered the trademark Mylar in
Delaware, USA. Since then, PET has become the third widely produced polymer in the
world, estimated to be 56 million tons in 2016. Recent advances in additive
manufacturing with PET is set to increase demand further. The global polyethylene
terephthalate (PET) market was worth US $23.73 billion in 2015 and is expected to
reach US $39.16 billion by the end of 2024 [11].
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Commercially available Mylarâ LB 48 film of 12 µm thickness from DuPont-Teijin
Films was used in this research.

PTT [C11H10O4]n
Polytrimethylene terephthalate is produced by the condensation of terephthalic
acid with 1,3-propanediol. It has a unique, semi-crystalline molecular structure with a
pronounced “kink” that allows the fiber to recover completely even after application of
considerable stress.
It is mostly used in carpeting and specialty clothing such as active wear. It has a
softer feel, superior elastic recovery, durability and easier dyeability, color fastness and
stain resistance. These properties, combined with the development to make 1,3propanediol economically from renewable resources like sugarcane make PTT
attractive for future applications.
Commercially available DuPont Soronaâ film of 50 µm thickness was used in this
research.

PBT [C12H12O4]n
Polybutylene terephthalate is another thermoplastic polymer which provides
excellent electrical insulation. It is produced by condensation reaction of terephthalic
acid with 1,4-butanediol.
Compared to PET, PBT has slightly lower strength and rigidity but slightly higher
impact resistance and very similar chemical resistance. PBT crystallizes more rapidly
than PET, so it is preferred for industrial scale moulding. PBT is resistant to solvents
and melts at 223°C.
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Commercially available PBT film of 550 µm thickness from Goodfellow was used
in this research.

PEN [C14H10O4 ]n
Polyethylene napthalate is produced by the condensation of at least one
naphthalene dicarboxylic acid with ethylene glycol.
The two aromatic rings in its structure confer higher strength and dimensional
stability, chemical and thermal resistance and great barrier properties. It is used in
making high performance sailcloth, to bottle beverages that are susceptible to
oxidation, as well as substrates for flexible electronic circuits.
Commercially available Teonexâ film of 50 µm thickness from DuPont-Teijin Films
was used in this research.

Polyimide
Polyimides are a class of polymers with high mechanical strength, high thermal
and chemical resistance, and radiation shielding properties. They are widely used in
insulating material, in composites, adhesives and as a substrate for flexible electronics.
In 1955, high molecular weight aromatic polyimides were synthesized by a twostage polycondensation of pyromellitic dianhydride with diamines. The chemistry of
polyimides is a vast subject due to the availability of a large variety of monomers and
different methods of synthesis, which lead to variation in the structure of the product.
Even a minor variation can lead to significant changes in the property of the final
polyimide.
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KAPTON [C22H10N205]n
Kaptonâ or poly-oxydiphenylene-pyromellitimide (PMDA-ODA) is among the
most widely used polyimides and was developed by DuPontä in the late 1960s. It is
synthesized by the condensation of pyromellitic dianhydride and 4,4’-oxydianiline.
Kapton has great chemical and thermal resistance and ability to maintain its excellent
physical, electrical, and mechanical properties over a wide temperature range. This
uniquely stable combination of properties is critical in aerospace and other extreme
condition applications where lightweight, reliable, high performance materials are
needed.
Kapton was used as an insulating protective layer in the Rosetta spacecraft that
spent over 10 years in space. It a versatile material that enabled advancements in
spacecraft, aircraft, automobiles, to gas and water filtration membranes and
microelectronic devices [12-14].
Commercially available Kaptonâ HN film from DuPontä , 50 µm in thickness was
used in this research.

Polyethylene [C2H4]n
Polyolefins, such as polyethylene, are among the most widely used synthetic
polymers in the world. Polyethylene is synthesized by the addition polymerization of
ethylene, which is obtained from petrochemical sources, or by the dehydration of
ethanol. Depending on the density and type of branching, several different types of
polyethylene are available, each of which has a slightly different mechanical property.
In general, the material exhibits low strength, but high ductility and impact resistance.
It also has good chemical stability, electrical insulation and water resistance properties.
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Polyethylenes are used in packaging food and beverages, electrical insulation,
pipelines and biomedical implants.
Commercially available additive free LDPE film from Goodfellowä , 230 µm in
thickness was used in this research.

Cellulose [C6H10O5]n
Cellulose is the most abundantly available biopolymer on earth. It consists of
repeating units of β—anhydroglucopyranose covalently linked by β-1,4-glucosidic
bonds. It is the main structural component of plant cell walls and also found in some
algae. Cotton contains 88-96% pure cellulose, wood and dried hemp contain around
50% and 45% cellulose respectively. Natural cellulosic polymers are a renewable
resource, biodegradable and biocompatible. They have unique features due to their
molecular structure and hierarchical organization that make them attractive in
numerous applications.
Since ancient times, cellulose has been used in the form of cotton textiles and
paper. The origins of cotton cultivation can be traced back to the Indus Valley
civilization as early as 3000 BC. Historically, cotton has been one of the most important
commodities traded in the world. Cellulose based papyrus, obtained from the pith of
the papyrus plant was an important writing material in ancient Egypt. Cotton accounts
for around half the clothing material produced globally. It is the raw material for paper
and packaging industries. Cellulose fibers are also used as reinforcing elements in
composite materials. Cellulose based nanofibers have been applied in bacteria
resistant wound dressings, as additives in pharmaceutical, food and cosmetics
industries.
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Cellulose, as it is now known, was isolated from plant matter in 1838 by the
French chemist Anselme Payen, who determined its chemical formula. It is the raw
material for paper and packaging industries.
Commercially available Whatmanâ ashless filter paper, Grade 42, Sigma-Aldrich
was used in this research. This was chosen as it contains around 98 % of a-cellulose.
The material was used as obtained. Table 2 shows a brief comparison of the materials
used:
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Table 2: Brief comparison of materials used in our work.
Material

Production
method

PET
(C10H8O4)n
Mylar™,
DuPont

Terephthalic
acid +
Ethylene
glycol

PTT
(C11H10O4)n
Sorona™,
DuPont
PBT
(C12H12O4)n
Goodfellow

Terephthalic
acid +
Propylene
glycol

PEN
(C14H10O4)n
Teonex™,
DuPont

2,6Naphthalene
dicarboxylic
acid +
Ethylene
glycol

PE
(C2H4)n
Goodfellow

Addition
polymerizatio
n of ethene

PI
(C22H10N205)n
Kapton™,
DuPont

Pyromellitic
dianhydride +
4,4’oxydiphenyla
mine

Cellulose
(C6H10O5)n
Whatman,
Sigma Aldrich

Naturally
occurring

Molecular structure

Terephthalic
acid + 1,4Butanediol
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General material
applications

Estimated
Global
Market

• packaging
• clothing
• printing
• electronics
• appliance
housings
• protective overlay
• barrier protection
• composite matrix
• apparel
• residential carpets
• upholstery

$39.16
billion by
2024.

• electrical and
electronic
components
• motor housings,
receptacles, plugs
• automotive interior
parts
• appliance and
power tool
components,
• filaments for
various types of
brushes
• flexible printed
circuitry,
• food and beverage
packaging
• industrial fibers,
films
• solar sails
• packaging food
and beverage
• containers
• electrical
insulation
• flexible pipes
• mechanical parts
• electronic parts
• electrical
Insulation
• insulation blankets
• pressure tape
• fiber optics cable
• textiles
• paper
• pharmaceutical
• composites

Reached
$33.7
billion in
2014,
estimated
growth rate
7.3 percent
CAGR till
2019.

$621.2
million by
2021.

$1.4 billion
by 2022.

$164 billion
by 2018.

$2.45
billion by
2022,
(films only).

$36.96
billion by
2020.

Surface analysis instruments
The transition from surface to bulk properties occurs within the first few atomic
layers. Thus, to study the surface it is necessary to have a technique that is sensitive
to this specific region and can provide a distinct contrast between this region and the
bulk material. Ideally, this would mean that the technique would have the following
merits: a) quantitative molecular speciation, b) sampling depth variation from 0.2 to
10 nm c) lateral resolution of < 0.1μm d) in situ operation e) insensitivity to surface
roughness f) real time analysis as well as no effect of the measurement on the sample
surface [15].
However, as no one technique exists that fulfills all the criteria, a combination of
different surface characterization methods is necessary to get the complete picture
[16]. In terms of investigating the surface chemistry with a high degree of sensitivity, Xray Photoelectron Spectroscopy (XPS) and Static Secondary Ion Mass Spectrometry
(SIMS) are two prominently used techniques. They each have their unique advantages,
and both require high vacuum conditions. The Fourier Transform Infrared
Spectroscopy-Attenuated Total Reflectance (FTIR-ATR) provides another simple and
reliable method for qualitative and quantitative surface analysis. For imaging the
surface structure, Atomic Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM) have complementary capabilities. The contact angle goniometer is essential to
investigate the surface free energy of a material and is important in determining
wettability and adhesion.

X-Ray Photoelectron Spectroscopy (XPS)
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XPS is a widely used quantitative surface analysis method that provides valuable
information about the elemental composition and chemical state of the top 0 - 10 nm
sample surface [15] . It is applicable to a broad range of materials, and is essential in
industrial and research applications where the performance of the material is
dependent on the structure and composition of the surface. Thin film coatings,
electronic devices, photovoltaics nanomaterials, display technologies, packaging,
adhesion, corrosion are some of the areas where this technique is indispensable. The
basic mechanism of operation is illustrated in the Figure 1.
A beam of high-energy monochromatic radiation is allowed to impinge on the
sample surface, leading to photo-ionization and emission of core shell electrons from
the region of interest. These ejected electrons are filtered by a hemispherical analyzer
to allow those with intensities beyond a defined energy to be recorded by a detector.
As the core level electrons in solid-state atoms are quantized, the resulting spectra
contain the signature peaks characteristic of the electronic structure of the atoms.
The principle follows the application of Rutherford’s equation, Equation 3:
EK = hn- EB – ϕ,

(3)

where EK is the kinetic energy of the photoelectron,
hn is the energy of the X-ray source,
EB is the electron binding energy in the solid
and ϕ is the work function.
As hn is known and the kinetic energy of the emitted electron is measured by the
spectrometer, EB can be easily calculated. This binding energy EB provides us with
important information about the chemical and electronic structure of the sample.
The XPS instrument used in our research was the PHI Quantera SXM-03. It uses
a scanning monochromatic X-ray source with a highly focused beam (<9 microns), and
a 180˚ hemispherical electron energy analyzer optimized for energy resolution. The
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system is equipped with high angular acceptance lens optimized for small area XPS
sensitivity. This fully automated instrument has 32-channel detector and electronics for
rapid data collection and maximum sensitivity.
The XPS data from the untreated and VUV treated samples were used to
calculate ratio of the atomic concentrations of C, O, N and F present in the samples,
and how the O/C or F/C changed with increasing irradiation. As examples, the average
O/C ratio from three untreated PET samples was found to be 0.375, which is close to
the nominal value of 0.4. On radiation, the O/C ratio went up, indicating the loss of
carbon containing moieties from the surface. Again, for the fluorocarbon treated
samples the highest fluorine pickup with radiation occurred at 16 J/cm2 irradiation. This
corresponded well with the contact angle measurements, and the highest contact
angles were obtained at the same 16 J/cm2 irradiation level. Around 680 XPS spectra
were collected during this research.
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Figure 1: Schematic diagram of a PHI Quantera instrument [17].
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Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
Time-of-Flight Secondary Ion Mass Spectrometry provides elemental, chemical
state and molecular information from the top few nanometers of a sample surface [15].
The basic principle of operation involves bombarding the sample with a beam of highenergy primary ions in an ultra-high vacuum chamber. This results in the formation of
sputtered material that is emitted from the surface. Most of this is in the form of neutral
atoms or molecules, and a small percentage is positive or negatively charged ions.
These secondary ions are accelerated over a very short distance so that they have the
same kinetic energy (Ek), following which they enter a field-free drift tube. Now, Ek =1/2
mV2, where V is the velocity, thus ions of different masses will have different arrival
times on the detector based their mass to charge ratio. In case of a linear drift tube with
flight path L,
t - t0 = L (m / 2EK)0.5,

(4)

where t0 is the start time, and t is the arrival time of a singly charged secondary
ion with mass m. They are collected electrostatically, and analyzed to produce a
secondary ion mass spectrum. This plot of relative intensity vs. m/z can be used to
deduce the chemical structure of the material.
In our work, a PHI TRIFT II instrument with a 12 keV gold cluster ion source was
used with the current ~3 nA current and with the extraction voltage set at 6200 V. The
static dose was kept well within the limits (<5 ´ 10 12 ions/cm2). The sampled area was
200 µm ´ 200 µm. Charge compensation was used while obtaining negative ion
spectra.
The ToF-SIMS data of the untreated and varying doses of radiation treated
material helped understand what molecular structures were changing on the surface.
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As an example, the relative intensity of the fragment peak at m/z = 104 to the peak at
m/z = 105 in PET decreased from the untreated to the treated sample. This meant that
was the preferred radical during fragmentation. Again, the presence of the
characteristic

fluorinated

peaks

at

19,

31, 119,

131

and

169

indicated

fluorocarbon grafting on the surface [18], and the relative intensity of the peaks helped
find out which structures were present in greater concentration.

FTIR-ATR
Fourier transform infrared spectroscopy using attenuated total reflectance
method is a widely used technique for obtaining qualitative and quantitative information
about a sample surface [19]. The basic mechanism of operation is illustrated in Figure
3.
The sample surface is kept in direct optical contact with a crystal of high refractive
index. An IR beam is directed at an angle onto the crystal, and undergoes total internal
reflection when the angle of interface at the surface is greater than the critical angle.
This internal reflectance creates an evanescent wave that extends beyond the crystal
surface and into the sample in contact with it. The depth of penetration, d, for a nonabsorbing medium is given by Equation 5.
d= l / 2p n1 [sin2 q - (n2 / n1)2 ]0.5

(5)

where n1 is the refractive index of the ATR crystal
n2 is the refractive index of the sample,
l is the wavelength of the incident IR radiation,
and q is the angle of incidence.
It is around 0.5-5 microns depending on the refractive index of the sample. The
penetration depth of the FTIR-ATR is much higher in the polymer than the thickness of
our modified layer (~250 nm). Thus, the signal from the surface was much less than
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that coming from the bulk sample, and not easily compared. For this reason, the
difference spectrum was obtained and amplified to investigate the changes in the
functional groups. As an example, in the UV treated polyethylene sample, a new peak
appeared at 966 cm-1, which was attributed to the (-CH=CH-) formed by hydrogen
abstraction during irradiation.
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Figure 3: Schematic diagram of ATR sampling accessory [20].
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Atomic Force Microscopy (AFM)
The atomic force microscope (AFM) is a type of Scanning Probe Microscope
instrument that allows topographical imaging with atomic scale resolution. It is a very
important and versatile instrument, and by using specialized techniques and software
almost any kind of measurable force interaction on the local surface can be mapped,
such as friction, thermal, electric and magnetic. The schematic diagram of an AFM is
shown in Figure 4.
The basic principle of operation consists of a cantilever with a very sharp tip
scanning over the sample surface. A laser beam with a feedback control loop is incident
on the cantilever head. The local forces between the molecules at the surface and the
tip of the cantilever causes deflection of the cantilever tip, which is detected by the
change in direction of the laser beam and tracked by and recorded by a position
sensitive photo-diode. Thus, by scanning the region of interest with the cantilever tip
an accurate atomic resolution topographic map of the surface features is obtained.
In our work a Digital Instruments Dimension 3100 AFM instrument with a
Nanoscope IVâ controller was used. To image the polymers, a 75 kHz resonant
frequency tip with a force constant of 3 N /m was used in tapping mode. Multiple
different 5µm ´5µm locations were scanned, and the data was analysed using
NanoScope Analysis Version 1.70 software. From the root mean square roughness
parameter Rq, and the average roughness Ra, a quantitative measure the change is
surface roughness with increasing radiation doses was obtained.
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Figure 4: Schematic diagram of AFM [21].
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Scanning Electron Microscope (SEM)
The Scanning Electron Microscope allows the observation and imaging of a wide
range of material surfaces on a micrometer to nanometer scale [22]. It has a high
instrumental resolution of the order of 1-5 nm and great depth of field, which makes it
one of the most widely used surface characterization instruments. The basic principle
of operation consists of irradiating the sample area to be analyzed with a finely focused
electron beam from an electron gun and associated electromagnetic lens system. The
resulting secondary and backscattered electrons and x-rays are collected by the
detector system to generate the final image. The secondary electrons provide
morphological and topographical information about the surface. The schematic
diagram of a SEM instrument is shown in Figure 5.
The charge buildup on our polymeric samples during analysis was mitigated by
sputter coating a thin layer (~38 nm) of gold onto the surface. The images revealed a
change in surface topography, evidence of roughening with higher doses of radiation.
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Figure 5: Schematic diagram of SEM [23].
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Contact angle meter
The contact angle measurement quantifies the wettability of a solid surface by a
liquid [24, 25]. This is a very significant parameter in calculating the interfacial energy
between a solid surface and a liquid, and is immensely useful in industries such as
coating, painting, printing and bonding. When the contact angle is (<< 90˚) the surface
is considered wettable, and if (>> 90˚) it is non-wettable. Figure 6 shows a schematic
diagram of contact angle and different wetting behavior on surfaces.
The fundamental principle of operation is derived from Young’s equation, Equation 6,

where θ is the contact angle of the liquid drop on the solid surface, σsg is the surface
free energy of the solid, σsl is the interfacial tension between the liquid and the solid,
and σlg is the surface tension of the liquid. The equation holds true for three phase
systems of ideal solids and pure liquids in thermodynamic equilibrium.
σsg = σsl + σlg ⋅ cosθ, ( 6 )
Among the various techniques used to measure the contact angle, the direct
optical method measuring a sessile liquid drop on a flat solid surface is the simplest
and most widely used. The instrument consists of a horizontal stage on which the
sample surface is mounted, a micrometer pipette with which the liquid is dropped on
the surface, an illumination source and a telescope with protractor eyepiece. The liquid
is made to form a sessile drop on the surface, and the contact angle is measured by
aligning the tangent of the drop image at the point where it contacts the surface. This
measurement can be done manually, or with the integration of a camera and software
for imaging.
In our work we used a Tantec CAM-Micro contact angle meter. This is a manual
bench-top optical device equipped with a projection screen and a protractor readout. A
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silhouette image of the sessile droplet on the sample surface is projected on the screen,
allowing the angle measurement.
As an example, the water contact angle of fluorocarbon grafted polyethylene
with16 J/cm2 radiation was found to ~110˚, which is the same as pure
polytetrafluoroethylene (PTFE).
All the above methods were used to characterize the samples before and after
subjecting them to varying doses of total UV irradiation, and after grafting new
materials. The following section provides a brief description of the UV Lamp used in
our work.

30

Figure 6: Schematic diagram of contact angle and different wetting behavior [26].
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Ultraviolet Excimer (UV) source
There are several methods in which VUV excimer radiation can be generated,
such as dielectric barrier discharge, microhollow cathode discharge, corona discharge
and microplasma arrays.
The dielectric barrier discharge (DBD) type lamp was one of the earliest and most
widely used. It was originally developed to produce ozone in industries. Other uses
such as photolysis of organic compounds for cleaning and etching, altering surface
properties of polymers, depositing dielectric thin films, later followed [5, 8]. In a common
DBD configuration one or both electrodes are separated from the plasma by an
insulating dielectric layer; the discharge consists of a series of short-lived narrow
filamentary channels or micro-discharges that occur stochastically in time. Most of the
DBD lamps were traditionally powered using AC voltage waveforms, however, shorter
radiofrequency waves were found to increase efficiency greatly [8].
In a microplasma device, low-temperature, non-equilibrium plasma is confined
within a cavity with spatial dimensions as low as 10 μm. The cavity can be made in a
variety of materials from semiconductors to ceramics and multilayer metal/dielectric
layers [27]. In the basic fabrication method described by the group at University of
Illinois, who developed the Eden Park™ Xenon microplasma lamp used in our work,
silicon (100) is anisotropically etched to obtain very uniform inverted pyramid shape
cavities [27, 28] .
The dielectric layer comprises of thin (~2 μm) layers of silicon nitride within and
around the cavity. A thin nickel film deposited on polyimide layer around the aperture
serves as the temporal anode. A final thin layer of silicon nitride is deposited over the
entire structure. The cavity is evacuated and back filled with the Xenon gas, and a time
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varying voltage is then applied between the Si substrate and Ni electrode to generate
the microplasma.

33

Figure 7: Cross-sectional view of a generalized diagram of one design for a VUV/UV
lamp [28].
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Chapter 2
A Study of the Effect of 172 nm
UV irradiation on Polyester Family
Polymers.
Abstract
Polyester family polymers are everywhere, from food packaging to textiles to
flexible electronics. In many of these applications, the surface properties are critical.
However, familiar wet chemical approaches to modify the surface require the use of
solvents that are hazardous to health and the environment. Surface photochemistry
driven by excimer UV lamps is a promising alternative. Fundamentally, the semiaromatic polyesters are similar in chemical structure, however their property profiles
vary widely with the slight structural differences. Each of these polyesters has unique
physiochemical properties that render them valuable for specific material performance.
The work reported here aims to explore if our earlier findings specific to polyethylene
terephthalate can be generalized to the polyester family. Particularly, this would be
important for grafting of new material on the surfaces to modify adhesion, dyeability,
permeability and biocompatibility properties among others.
Earlier findings published by our group used a dielectric barrier discharge type
lamp that was constructed in-house. In this study, we investigated the response of
technical grades of the four polyester films polyethylene terephthalate (PET),
polytrimethylene

terephthalate

(PTT),

polybutylene
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terephthalate

(PBT)

and

polyethylene napthalate (PEN) to 172 nm UV from a commercial dielectric barrier
discharge type Xenon excimer lamp, and a more recently available Xenon microplasma
lamp. The two lamps were operated at a fixed low and high output power setting
respectively. The experiments were conducted in a nitrogen atmosphere in the
absence of oxygen, at room temperature and pressure. The samples were
characterized using XPS, ToF-SIMS, AFM and SEM and contact angle measurements.
Computational modeling using the Gaussian 09 software and Austin Model 1/
Zener’s Intermediate Neglect of Differential Overlap (AM1/ZINDO) approach was used
to calculate a predicted UV-Vis spectrum at 172 nm. This gives further insight into which
orbitals are involved in the transitions near 172 nm and could serve as a guidance tool
for interpreting the experimental results as well as predict future research and
development on the UV processing of polyesters.
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Introduction
Global production of polyester materials is steadily increasing and in 2015 is
estimated to have exceeded 24 million tonnes [29]. Besides widespread use in textiles,
furnishings and food packaging, there is opportunity for higher-value sophisticated
applications like flexible electronics [30], solar cells [31] [32], automobile parts,
biomedical devices [33],and outer space applications [34]. The most commonly known
polyester, polyethylene terephthalate (PET) is familiarly used in clothing, food and
beverage packaging, and engineering composites. It exhibits high mechanical and
tensile strength, dimensional stability, chemical resistance, and has excellent gas and
moisture barrier properties [35]. The structure of a unit of PET is shown in Figure 1.
Bio-based polytrimethlyene terephthalate (PTT) appears as carpeting and
specialty textiles [36]. It has an unique semi-crystalline molecular structure that allows
a much greater resilience than PET [37] [38]. The yarns made of PTT have a softer
feel than polyester or nylon, are easily dyeable at a lower temperature with no carriers
[39], and have greater washfastness and UV resistance. The structure of a unit of PTT
is shown in Figure 2.
Polybutylene terephthalate (PBT) has lower strength and stiffness but a higher
impact strength than PET. It also crystallizes more rapidly than PET, and is thus
more suitable for industrial scale molding [40]. PBT is widely used for electrical
and electronic components, automobile parts, and housing appliances. The structure
of a unit of PBT is shown in Figure 3.
Polyethylene napthalate (PEN) has superior tensile strength, durability,
thermal, chemical and hydrolytic resistance, and excellent UV and moisture
barrier properties compared to PET. This is due to the presence of two condensed
39

aromatic rings in its structure, which translates to greater stiffness and rigidity
compared to PET. It is largely used in reduced-permeability
containers

[41].

Other

growing

food

and

beverage

applications include high strength industrial

films, fibers, and flexible electronic devices [42, 43]. The structure of a unit of PEN is
shown in Figure 4.
The useful bulk properties of PTT, PBT and PEN to PET invite exploration as to
whether they may be enhanced by surface modifications that are confined to
the outermost layers without affecting the integrity of the bulk material. Wet
chemical approaches to achieve this end often make use of toxic chemicals and
are facing increased environmental concerns. Other methods such as plasma or
corona treatment are either expensive and time consuming or short-lived and
applicable only in select conditions [44]. Surface photochemistry using excimer UV
lamps provides an excellent alternative [45-48] in that the lamps are highly
efficient, effective, economical and environment friendly. They are mercury free,
provide a high radiant exitance in a very narrow wavelength region, and have
almost instant startup times with no toxic emissions during operation. Also, this is
a cold process and the material surface is not heated during the radiation.

40

Figure 1: Schematic of a PET mer.
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Figure 2: Schematic of a PTT mer.
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Figure 3: Schematic of a PBT mer.
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Figure 4: Schematic of a PEN mer.
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Previous research in our group found that 172 nm UV light may be used to create
surface-active sites on PET in a nitrogen atmosphere in an efficient, environment
friendly, and economical manner [49, 50].Other studies on the effect of 172 nm UV
excimer radiation on PET in ambient air [51] [52], in vacuum and in the presence of
oxygen [53] reported significant increased wettability of the surface and change in both
the surface functionalities and thermomechanical properties. Improved adhesion was
achieved by irradiating the PET surface before electrolessly depositing metal contacts
[54]. The adhesion and proliferation of human vascular cells to PET surface was
increased by 172 nm UV treatment in an NH3 atmosphere [55]. Again, 172 nm UV
radiation in vacuum created surface active sites on PET that were used to graft a
durable antibacterial surface [56]. In another study, both PET and PEN were subjected
to 172 nm radiation in air to make the surfaces hydrophilic [57]. However, no other
reported studies were found on the effect of 172 nm excimer UV irradiation on the other
polyester family polymers. The present work aims to investigate the changes that take
place on the PET, PTT, PBT and PEN surfaces due to deep UV irradiation, and
establish if there is a common trend emerging in the four polyesters studied. It is
attractive to have a technology that could be adapted universally to all the four
polyesters. The experimental results were also matched with computationallycalculated absorption spectra to better understand where the energy is transferred in
the molecule. Such calculations could prove to be a useful predictive tool for other
polymer families.
Two different UV sources at two intensity levels were used during the
investigation: initially a commercially available Osram Xeradex™ L40/375/DB-AZ48/90
Xenon excimer lamp of wavelength 172 nm was used. This was a cylindrical dielectric
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barrier discharge type lamp with a maximum output power of 40 mw/cm2 at the lamp
surface without cooling. To investigate the effect on the polyesters when the output
power was higher, a newer Eden-Park™ planar micro plasma lamp was used [58-61].
This lamp had maximum output power at the front surface of the lamp ~180 mw/cm2 in
a nitrogen environment.

Experimental

Materials and Processing
The materials were studied as vendor-supplied films of PET (Mylar™, DuPont),
PTT (Sorona™, DuPont), PEN (Teonex™, DuPont) and PBT (Goodfellow). Samples
were cut into strips about 2 x 2 cm, rinsed with isopropanol (Fisher, HPLC grade) then
deionized water (>18 MΩ), and vacuum dried prior to irradiation. The UV-irradiation
was accomplished using an Osram Xeradex™ 172 nm xenon excimer lamp enclosed
within a polycarbonate cylinder, sealed at the ends and flushed continuously with boiloff from liquid nitrogen. The material to be treated was attached to the inner surface of
the enclosure, providing a constant distance of about 7 cm from the lamp. An
International Light Model 1400A photometer with a SED-185 detector head was used
to measure the irradiance at sample position. The spectral energy distribution of the
lamp and the detector response curve do not overlap perfectly, so it was necessary to
introduce a correction factor to the meter reading to acquire the actual UV dose. The
average irradiance received at sample position is about 25 mW/cm2. Multiple samples
were acquired at UV dose levels of 0, 8, 16, 32, and 64 J/ cm2.
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In another set of experiments, an Eden-Park™ 172 nm xenon microplasma lamp
was similarly used to irradiate the samples. In this case the average irradiance received
at sample position was about 90 mW/cm2. Multiple samples were acquired at UV dose
levels of 0, 8, 16, 32 and 64 J/cm2.

Characterization
Samples for surface analysis were rinsed with isopropanol (Fisher, HPLC grade)
and then deionized water (>18 MΩ) after irradiation, and vacuum dried to remove all
traces of moisture.
XPS data were collected with a PHI Quantera instrument, using monochromated
Al Kα radiation with charge neutralization. Spectra were collected from 200 µm
diameter spots at a photoelectron takeoff angle of 45˚ to the surface. To gain more
insight into the active surface functional groups, a complete set of treated samples was
subjected to silver derivatization [49]. The samples were soaked in a 10-2 M solution
of silver trifluoroacetate in acetone for 18 hours and then washed repeatedly with
acetone and air dried. XPS of the silver-treated samples was done as before.
Time of flight secondary ion mass spectrometry (ToF/SIMS) provides valuable
information about the topmost layer surface chemistry. We used a PHI “TRIFT II
CE” instrument to raster a 200 μm by 200 μm surface area using a 12 keV gold cluster
ion beam with ~ 3 nA current and extraction voltage set at 6900 V. Data acquisition
time was set for 5 min with charge compensation. The sample surface received an
average ion dose of 2.7×1010 ions/cm2, well within the static regime for SIMS analysis.
At least three locations were sampled on each surface so as to ensure that the results
were consistent and reproducible.
47

AFM data were obtained by a Digital Instruments Dimension 3100 AFM with a
Nanoscope IV® controller, using a 75-kHz resonant frequency tip in tapping mode.
Multiple 5µm×5µm areas were sampled for surface topography using height
measurements. Surface morphology was also studied using a Hitachi S4700 FE-SEM.
To prevent rapid surface charging, the samples were sputter coated with a thin layer (~
36nm) of gold.
Contact angle measurements were performed using a Tantec CAM-MICRO
instrument. The error in measurement was ± 2˚.

Results and Discussion

XPS
The XPS results provide valuable insight into the change in surface chemistry
due to UV irradiation [62]. Figure 5 shows the O/C data obtained using the Osram
Xeradex™ lamp at 25 mW/cm2. The average intensity ratio of the C 1s and O 1s peaks
from three untreated PET samples is 0.375, close to the nominal value of 0.4. The O/C
ratio gradually increased with irradiance from untreated to 64 J/cm2, and then reached
a plateau. The PET results are in agreement with those obtained previously here and
elsewhere [49, 50]. The O/C ratio for PTT followed a similar trend to PET, with the
nominal value for untreated sample 0.31 closely following the theoretical value of 0.36.
PBT showed a likewise curve, though the untreated O/C ratio of 0.23 did not match the
theoretically calculated value of 0.33. In PEN, the O/C ratio for the untreated material
matched exactly with the theoretically calculated value of 0.28, and the trend with
radiation was similar to PET
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Figure 5: Oxygen to Carbon (O/C) ratio for the surfaces of PET, PTT, PBT, PEN
before and after UV irradiation using Osram-Xeradex™ lamp at intensity 25mW/cm2.
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Figure 6: Oxygen to Carbon (O/C) ratio for the four polyester surfaces untreated and
treated with increasing doses of 172nm UV radiation at 90 mW/cm2 intensity.
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The four polyesters PET, PTT, PBT and PEN were also UV treated similarly using
the Eden Park™ lamp at the higher intensity of 90 mW/cm2. The O/C ratio plots
obtained by XPS measurement is shown in Figure 6. Here also the O/C ratio increases
with increasing radiation doses.
As discussed previously in [50], the O/C ratio increase likely indicates the scission
of the C-C bond adjacent to the carbonyl group and loss of the carbonyl carbon with
the formation of volatile products. There is also surface carboxylic acid end group
formation according to Norrish type 1 and Norrish type 2 reactions. The initial increase
in the O/C ratio from untreated till 32 J/cm2 and the slight decrease beyond that even
though the total radiation dose is doubled is likely due to the skin effect occurring at the
surface. This happens as the incident photon energy is attenuated when it passes
through the polymer, resulting in the reaction being concentrated in the surface layers.
With increased radiation beyond 32 J/cm2 there are no more available chromophoric
groups present in the surface to absorb the incident radiation and continue the
photochemical process.
Silver trifluoroacetate derivatization provides additional insight into the surface
functional group formation [49]. Surface carboxylic acid sites react with silver
trifluoroacetate to form surface bound silver carboxylate salts according to:
RCOOH + CF3COOAg à RCOOAg +CF3COOH
The XPS results for Ag/C ratio for all the four polyesters UV treated at 25 mW/cm2
intensity and then with silver is shown in Figure 7.
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Figure 7: Silver to Carbon (Ag/C) ratio for the surfaces of PET, PTT, PBT, PEN before
and after UV irradiation at 25mW/cm2 power intensity.
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It is seen that in all the cases the silver uptake keeps increasing from untreated
to 64 J/cm2 treated, consistent with formation of surface exposed carboxylic acid end
groups. The Ag/C ratio follows the trend in the O/C ratio, but does not follow the values
closely. This is because the XPS signal in polymers is generated from the topmost
several nanometers on polymer, but the derivatization happens for the surface exposed
acid groups only. Also, it is observed that the silver uptake is highest for the PET at 16
and 32 J/cm2 but decreases at 64 J/cm2. The silver uptake is lowest for PEN among all
the four polyesters. To better understand the relative silver uptake with increasing
radiation, the silver uptake in each untreated material was subtracted from that in the
respective treated sample and plotted as shown in Figure 8.
It is seen that the trend is approximately the same, and at 64 J/cm2 there is a
convergence. This is likely due to the skin effect happening at the higher radiation dose.
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Figure 8: Effect of irradiation on Ag uptake in PET, PTT, PBT, PEN.
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ToF- SIMS
The ToF-SIMS spectra provides more sensitive information on the molecular
structure from the top few nanometers of the surface[63, 64]. The untreated and
irradiated PET follow the previous results [50]. The positive ion spectra for untreated
and 16 J/cm2 treated samples in the mass to charge (m/z) 100-200 range using the
lamp at 25 mW/cm2 are shown in Figure 9.
It is seen that intensity ratio of the fragments at peak 105 and 149 for PET is
much higher compared to the fragments at 104 and 148 respectively in the radiation
treated samples, which is in agreement with previous results [49]. The generation of
the characteristic mass fragments in PET is shown in Figure 10.
The results for PTT and PBT are similar to PET. In PEN, the characteristic peaks
for the untreated sample in the 100-200 m/z range in positive ion spectra are at 126,
154, 171 and 199. This agrees well with previous research [65]. Upon radiation to 64
J/cm2, the existing fragments at 113, 115,127 128,139, 149,154,155, 171 and 193
increase in intensity while the intensity of the 126 peak remains the same. The
fragments likely are the decarbonylation products, phenylene-end and ethoxy-end
polymer radicals. The possible fragmentation route is shown in Figure 11.
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PET

Irradiated

PTT

Irradiated

Figure 9(a): Positive ion ToF-SIMS spectra of untreated and 16J/cm2 radiation treated
polyesters [m/z=100-200].
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PBT

Irradiated

PEN

Irradiated

Figure 9(b): Positive ion ToF-SIMS spectra of untreated and 16J/cm2 radiation treated
polyesters [m/z=100-200].
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Figure 10: Generation of characteristic mass fragments of PET [49].
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Figure 11: Generation of characteristic mass fragments for PEN.
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SEM
Scanning electron microscopy images were obtained from the untreated and
irradiated samples to look for evidence of topography changes, Figure 12. To prevent
rapid sample charging and degradation, all the surfaces were sputter coated with gold.
The results indicate that there is a change in sample morphology by radiation in all the
cases, and the SEM images show the gold coated untreated and treated polyester
surfaces.
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Figure 12: SEM images of untreated and radiation treated polyesters. The radiation
treatment was 64 J/cm2 of 172nm UV light at 25 mW/cm2 intensity.
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AFM
The atomic force microscope is a versatile and robust tool for polymer surface
analysis [66]. AFM surface scans were obtained for each of the untreated and UV
treated specimens to study the effect of 172 nm UV radiation. Figure 13 shows
topographic images of untreated, 16 and 32 J/cm2 radiated samples using the Osram
Xeradex™ lamp at 25 mW/cm2. The overall waviness of the surfaces increases in all
PET, PTT and PBT and the roughness also increases, indicating photochemical
etching. The results for PET agree well with previous research. In the case of PBT, the
vendor supplied material had great surface tortuosity, which became relaxed, creating
a leveling effect with irradiation. PTT followed a similar trend to PET. With increasing
radiation (not shown here), in PEN there is a smoothing of the features till 64 J/cm2. At
128 J/ cm2 it was found that all the samples show increase in roughness.
The sample surfaces were also treated similarly at a much higher intensity of 90
mW/cm2 using the Eden-Park lamp, and the AFM images of the untreated, 16 and 32
J/cm2 surfaces are shown in Figure 14. It is evident that at a higher intensity level the
surface roughening was greater even though the total UV dose was the same. To gain
a better insight into the topographical changes, the image roughness parameter Rq [67]
was calculated using NanoScope Analysis Version 1.70 software for all the samples.
By definition, Rq is the root mean square average of height deviations taken from the
mean image data plane. For each calculation, six different 1µm´1µm representative
areas were chosen within the 5µm´5µm images to calculate the standard deviation in
the roughness parameter. The results are plotted and shown in Figure 15.
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Figure 13: AFM images of polyesters PET, PTT, PBT, and PEN: untreated, 16 and 32
J/cm2 radiation treated at 25mW/cm2 intensity.
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Figure 14: AFM images of polyesters PET, PTT, PBT, and PEN: untreated, 16 and 32
J/cm2 radiation treated at 90 mW/cm2 intensity.
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Figure 15: Roughness parameter Rq for four polyesters at total radiation dose 0, 16, and 32
J/cm2 at intensities 25mW/cm2 and 90mW/cm2 compared.
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It was observed that at a higher intensity level, PET, PBT and PTT surface
roughness increased greatly from untreated to 16 J/cm2 and remained steady with
further radiation to 32 J/cm2. In PEN there was not much increased roughening, either
with increased total radiation or increased intensity. This was likely due to the presence
of the benzene ring in its polymer backbone which made it more resistant to UV
degradation.

Contact angle measurements
The contact angle is a very important surface parameter and is important in
determining the surface free energy. This plays an important role in adhesion,
wettability, friction, and biocompatibility among others. The contact angle depends both
on the surface microstructure and the surface chemistry[68, 69]. Figure 16 shows the
results of different doses of 172 nm UV radiation on water contact angles on all the
polyesters, using the Osram Xeradex™ and the Eden Park™ lamp at 25mW/cm2 and
90mW/cm2 respectively. A Tantec manual goniometer was used for the observations.
This technique used the direct optical method, and the contact angle was determined
from the image of a sessile water droplet on the flat polymer surface (manual error ±
3˚). In all the cases, it was observed that the surface becomes more hydrophilic with
increased total irradiation. The observations were made immediately after radiation, a
week later and a month later. No significant hydrophobic recovery was evident for any
of the materials when measured again after one week and then one month.
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Figure 16: Water contact angles for polyester surfaces treated with increasing total
UV radiation doses at 25mW/cm2 and 90 mW/cm2 intensity levels.
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Computational modeling
As much mechanistic insight as possible is important to guide interpretation of
the recent results and the path of future R&D on UV processing of polymer surfaces. A
first step is to obtain an indication of where the energy is going initially in the molecules.
Understanding that UV absorption takes place by promotion of electrons from the most
weakly bound occupied orbitals (“HOMO”) to the most strongly bound unoccupied
orbitals (“LUMO”) directs interest to just what elements of the molecular architecture
might be involved. A useful first step is to represent each polymer by a molecular
fragment (oligomer with n=2), Figure 17, and to perform computational chemistry
investigations of the UV-absorption spectrum Figure 18. The oligomers were optimized
using the Gaussian 09 suite of programs and the AM1 semi-empirical method.
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Figure 17: Structures of PET, PTT, PBT, and PEN used for computational modeling.
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The lowest 80 excited states for each oligomer were then calculated using the
ZINDO protocol [70]. Similar calculations for a single PET monomer were calculated
using a geometry optimization at the B3LYP/6-31+G* level of theory and timedependent density functional theory (TD-DFT). The resulting UV-visible spectrum (not
shown) is in agreement with the ZINDO results, so the less computationally demanding
AM1/ZINDO approach was used for the oligomers. Figure 18 below shows the ZINDOderived UV-visible spectrum for all four oligomers. All four oligomers have transitions
with some intensity near 172 nm and 193 nm.
The ZINDO calculation provides expansion coefficients for the different electronic
transitions that contribute to each excited state. For example, for PET, the excited
states nearest to 172 nm were predicted to occur at 175.5 and 171.2 nm. The
expansion coefficients for these two excited states are given in the Table 1a below.
Similarly, the expansion coefficients for the excited states nearest to 172 nm in PTT,
PBT and PEN are shown in Table 1b, 1c and 1d respectively.
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Figure 18: UV-Vis spectra of the different polyesters obtained by computation.
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Table 1(a): Expansion coefficients for the two excited states nearest to 172 nm in
PET
Wavelength (nm)

Oscillator strength

175.5

0.1143

171.2

0.2932

Occupied
78 ®
79 ®
76 ®
77 ®

Un-occupied
86
87
86
87

Table 1(b): Expansion coefficients for the two excited states nearest to 172 nm in PTT
Wavelength (nm)

Oscillator strength

170.97

0.1741

171.05

0.1113

Occupied
79 ®
80 ®
79®
80 ®

Un-occupied
89, 90
89, 90
89
90

Table 1(c): Expansion coefficients for the two excited states nearest to 172 nm in PBT
Wavelength (nm)

Oscillator strength

171.01

0.2870

175.45

0.1152

Occupied
82 ®
83 ®
84 ®
85 ®

Un-occupied
92
93
92
93

Table 1(d): Expansion coefficients for the two excited states nearest to 172 nm in
PEN
Wavelength (nm)

Oscillator strength

171.01

0.1661

173.56

0.7059

Occupied
88 ®
89 ®
96 ®
97 ®
88 ®
89 ®
96 ®
97 ®
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Un-occupied
102, 104, 110
103, 105, 111
116
117
102, 104, 110
103, 105, 111
106, 116
107, 117

This information was combined with similar results from other and longer
wavelengths to generate the Gaussview renderings of the orbital absorption spectra of
the four polyesters displayed in shown in Figure 19. The procedures are described in
Stephens and Harada [71].
From numerical modeling, at 175.5nm in PET the excited states 78 and 79
involve electrons in the pi system in the ring and carbonyl group , in both cases the
LUMO is the same.The pi®pi* transitions taking place in the ring portion of the molecule
is where the energy is entering and leaving the system. For 171.2 nm in PET, this
occurs at the excited states 76 and 77. Similar transitions are observed for PTT and
PBT.
In PEN also the effect is essentially the same; due to a bigger pi system the
pi®pi* transitions are larger. Returning to the present instance of 172 nm UV on PET,
it is seen in Figure 19 that all the HOMO’s are quite similar pi orbitals located chiefly on
the ring. The LUMO’s locate increased electron density on carbonyl moieties,
suggesting that they may be the site of the resulting photochemistry. The analyses of
PTT and PBT are quite similar.
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Figure 19: Calculated orbitals for some of the transitions in PET, PTT, PBT and PEN
labelled in Table1:(a)-(d).
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Conclusion
The attributes needed for success in many applications are often surface-related,
making polyesters an attractive candidate for surface modifications. The effect of 172
nm Xe excimer lamp irradiation on PET, PTT, PBT and PEN shows the evidence of
similar changes at the surface as well as formation of some likely same surface-active
groups. This is a useful result for the next step to improve surface properties by grafting
new material.
Difference in total UV doses as well as intensity levels led to varying surface
chemistry and morphology up to a limit beyond which a skin effect occurred. All the four
polyesters studied exhibit a common trend in all the characterization results. There was
increased formation of surface active groups with increased radiation as evidenced by
the silver derivatization experiment. AFM results indicated increased surface
roughening, and the surface hydrophilicity increased with increased radiation.
Increasing the surface wettability without affecting the bulk properties of the polyesters
is a highly sought-after process with many practical industrial applications, and by
varying the total dose or intensity the desired surface roughness can be achieved.
Using computational modeling to further interpret the results was helpful to understand
where the energy is transferred in the molecule, and can serve to guide further research
and development.
The results for PET also agree with previous research, and it will be the subject
of the next study to determine that the grafting procedure also follows similarly in PTT,
PBT and PEN as predicted. If successful, this can lead to providing a broader surface
modification model for all the polyesters. This will greatly help enhance value in an
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efficient manner for a group of material whose demand and versatility of applications
are all set to increase significantly in the future.
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Chapter 3
Grafting onto polyester family
polymers driven by 172nm UV
irradiation.
Abstract
The four semi-aromatic family polyesters, polyethylene terephthalate (PET),
polytrimethlyene terepthalate (PTT), polybutylene terepthalate (PBT) and polyethylene
napthalate (PEN) have similar chemical structure, with the variations manifesting as
unique physiochemical properties in each. These differing material characteristics find
use in a wide range of applications, many of which need surface modifications without
affecting the bulk properties. In our earlier research, we found that 172 nm UV radiation
created surface active sites on the PET surfaces that would be amenable to grafting
new material. The process is simple, efficient and environment friendly. In this work,
we irradiated the four polyesters with 172 nm UV light in an atmosphere of nitrogenborne 1-octene, n-nonane or heptafluorodecene vapor respectively. The materials
received total UV radiation dose from 0 to 32J/cm2, and the transformation of the
surfaces was investigated by X-ray photoelectron spectroscopy (XPS), time of flight
secondary ion mass spectroscopy (ToF/SIMS), water and mineral oil contact angle
measurements. The results indicate that grafting reaction took place between the vapor
phase organic molecules and the UV activated polymer surfaces. The trend of new
material formation at the surface was similar in all the polyesters for each grafting agent
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used. The fluorocarbon grafted material surfaces exhibited hydrophobic and
oleophobic behavior in varying degrees depending on the UV dose, and were
moderately wash durable. This method of vapor phase grafting on the different
polymers assisted by 172nm UV light leads to further enhancing their applications and
new material development.
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Introduction
The production and consumption of polyester materials is increasing worldwide,
with constant ongoing research to customize the surfaces of fibers and films by
modifying their surface chemistry. Simultaneously, in many applications this surface
modification has to be achieved keeping the bulk material properties unchanged.
Research to impart new attributes to polymer surfaces without affecting the bulk
materials is constantly ongoing, and several methods exist [72]. Among them, UV
induced surface graft polymerization is a simple and versatile approach that has been
widely used [73]. Grafting creates true chemical bonds to the surface which improves
durability. UV assisted grafting has the benefits of minimizing material costs, higher
process control, and environment friendly operation. The method using 172 nm xenon
excimer UV lamp with its high individual photon energy (7.2 eV) for activating the
polymer surface is attractive for driving surface radical chemistry [74] [75] [76]. It is
efficient, easy to operate, does not require toxic solvents. The process does not heat
the sample surface, so there is no thermal damage, and the bulk material remains
unaffected.
Earlier research by our group used 172 nm UV radiation to graft a 1-octene, a nnonane and a fluorocarbon layer onto PET surface respectively. [77, 78]. Work has
been reported by other groups using this UV radiation to photochemically graft an
antibacterial curcumin layer on PET surface [79], and unsaturated alkoxysilanes to
polyolefin surfaces [80]. However, no existing research was found on modifying the
properties of other polyesters using this method.
The four semi-aromatic polyesters PET, PTT, PBT and PEN have similar
chemical structure, but different physiochemical properties which make them suitable
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for different end products [81]. PET is familiar in our daily life in textiles and packaging,
PTT in carpeting, PBT in electrical and electronic appliance parts. PEN is gaining use
in packaging material with higher oxygen and moisture barrier properties than PET,
and also in electronic materials industry. Along with their conventional use in apparel,
electrical components, furnishings, food and beverage packaging there are numerous
applications such as biomedical devices, flexible electronics, automobile parts, where
surface modification of these polyesters is essential to impart value. As for example, in
the case of textiles and furnishings, anti-static, anti-soiling and dyeability are important
[82, 83] ; in biomedical applications, antimicrobial coatings or creating bio-compatible
surfaces is crucial [84]. Again, improving adhesive properties is important in flexible
electronics, printing and paint industries [85].
In recent research, we found that 172 nm UV light may be used to create surface
active sites on each of the polyester family polymers (PET, PTT, PBT, PEN). Irradiating
these polyesters under nitrogen led to production of carboxylic acid and elimination of
CO, with possible decarbonylation products including phenylene-end and ethoxy-end
polymer radicals. These radicals can both actively abstract hydrogen or add to
unsaturated structures, thus preparing for initiating grafting reactions. The UV activated
surface can then be imparted desirable characteristics by grafting new functional
groups, without affecting the bulk properties.
The aim of our study here was to explore the potential of using 172 nm excimer
UV light to drive grafting onto each of the four polyester family polymers and develop a
simple and efficient method for surface modification. Technical grades of the materials
were chosen to ensure that any new findings to improve functionality could immediately
be deployed for large scale applications.
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To harness the radical nature of surface photochemistry we needed grafting
agents that would be slightly or non-absorbing of UV light in the vapor phase, have a
sufficiently high vapor pressure to ensure that an adequate quantity is available for the
reaction to proceed and functionally be able to react with the surface-active sites. To
contrast saturation with unsaturation we chose n-nonane (C9H20) and 1-octene (C8H16).
In case of nonane, it is expected that hydrogen abstraction by the surface radicals will
create new alkyl radicals. These can then combine radically and bind to the surface.
As octene is an unsaturated hydrocarbon, radical addition to the double bond is
expected. Grafting these hydrocarbons was expected to increase the water contact
angle in polyesters, as found previously in PET [77].
Also, we chose to graft an olefin-terminated fluorocarbon to create a
fluoropolymer surface for soil release and resistance applications. This is valuable in
several applications, such as imparting cleanability and oily soil resistance to carpets
and upholstery made from PTT. The photo-assisted vapor phase grafting process
eliminates the need for hazardous chemicals such as perfluorooctanoic acid used in
conventional fluorination methods. The fluorocarbon grafted surfaces were also tested
for mild wash durability in practical applications.

Experimental

Materials
To be realistic, materials were studied as vendor supplied films of PET (Mylar™,
DuPont), PTT (Sorona™, DuPont), PEN (Teonex™, DuPont) and PBT (Goodfellow).
Samples were cut into strips about 2 x 2 cm, rinsed with isopropanol (Fisher, HPLC
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grade) then deionized water (>18 MΩ), and vacuum dried prior to irradiation. Materials
used as the vapor phase grafting reagents were 1-octene (98% Aldrich), n-nonane
(99%, Aldrich) and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1 decene
(99%, Aldrich), hereafter referred to as “HFD”.

Excimer lamp exposures
The UV-irradiation was accomplished using an Eden-Park™ 172 nm xenon
excimer lamp [86]. The lamp was enclosed within a polycarbonate casing, sealed at
the ends and flushed continuously with boil-off from liquid nitrogen passed through a
desiccator to remove any traces of moisture. The material to be treated was attached
to the inner surface of the enclosure, providing a constant distance of about 7 cm from
the lamp. The grafting agents were introduced into the lamp enclosure by bubbling dry
nitrogen through the corresponding organic liquid at room temperature at a flow rate of
around 10 cm3 /min. An International Light Model 1400A photometer with a SED-185
detector head was used to measure the irradiance at sample position. The spectral
energy distribution of the lamp and the detector response curve do not overlap
perfectly, so it was necessary to introduce a correction factor to the meter reading to
acquire the actual UV dose. The average irradiance received at sample position was
about 70-90 mW/cm2, depending on the absorptivity of the different vapors. Samples
were treated at UV dose levels of 0, 8, 16, and 32 J/ cm2.

Characterization
XPS data were collected with a PHI Quantera instrument, using monochromated
Al Kα radiation with charge neutralization. Spectra were collected from 200 µm diameter
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spots at a photoelectron takeoff angle normal to the surface. The experiment was
repeated to ensure reproducibility.
Time of flight secondary ion mass spectrometry (ToF/SIMS) provides valuable
information about the topmost layer surface chemistry [87]. A PHI “TRIFT II
CE” instrument was used to raster a 200 μm by 200 μm surface area using 12 keV gold
cluster ion beam with ~ 3 nA current and extraction voltage set at 5200 V. Data
acquisition time was set for 3 minutes and the sample surface received an average ion
dose of 2.5×1010 ions/cm2, well within the static regime for SIMS analysis. The
experiment was repeated at least thrice and each sample was sampled in at least three
different locations so as to make sure that results were consistent and reproducible.
Contact angle measurements with deionized water and light mineral oil (SigmaAldrich) was performed using a Tantec CAM-MICRO (manual) instrument (error =± 2˚).
Here also the experiment was repeated and measurements were taken at six different
locations for each sample to calculate a standard deviation.

Results and Discussion

Grafting n-Nonane and 1-octene
The XPS results provide valuable insight into the change in surface chemistry
due to UV irradiation and grafting [88]. For the grafted polyesters, the non-radiated
reference samples were subject to similar conditions in the enclosure without the
excimer lamp. The materials were exposed to the grafting agent for the same average
time period it took to get a total dose of 32 J/cm2 for the treated samples. From the
monomer structure, the calculated value for O/C ratio for PET, PTT, PBT and PEN is
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0.40, 0.36, 0.33 and 0.28 respectively. The average intensity ratio of the C1s and O1s
peaks in all the four non-treated polyesters was close to the calculated ideal values.
The UV dose dependence of O/C ratio for only radiation treated, and the UV assisted
n-nonane and 1-octene grafted samples is plotted in Figure 1.
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Figure 1: Oxygen to Carbon (O/C) ratio for the untreated, n-nonane and 1-octene
grafted surfaces of a) PET, b) PTT, c) PBT, d) PEN with increasing UV irradiation.
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With no radiation, it is observed that the O/C ratios in all the polyesters is close
to their theoretically calculated values, indicating that negligible grafting occurs without
the surface activation by UV light. The O/C ratio for both types of the hydrocarbon
grafted samples gradually decreased with irradiance from untreated to 32 J/cm2,
indicating more grafting taking place due to greater availability of surface free radicals
with increasing UV doses. The trend is similar for all the four polyesters studied. In the
case of 1-octene grafted samples the decrease in O/C ratio with increasing UV dose
was lower than that of the nonane grafted samples at 32 J/cm2. This indicates
comparatively greater thickness of the 1-octene grafted layer under similar conditions.
1-Octene (C8H16) is an acyclic unsaturated organic compound with a C=C bond at the
alpha position in its molecule which makes it highly chemically reactive. The grafting
likely occurs by the addition of the UV surface radicals to this double bond. On the other
hand, n-nonane (C9H20) is a linear alkane hydrocarbon, so it is likely that the graft layer
will form by polyester surface radicals abstracting hydrogen from it to create new alkyl
radicals that then recombine and bind together. These results agree with the earlier
work on PET, where it was found that the grafted layer existed as a thin layer on the
polyester surface, and under similar processing conditions the octene layer is thicker
than the nonane layer [77].

ToF-SIMS of hydrocarbon grafted polyesters
The ToF-SIMS provides us more detailed insight into the chemical composition
of the top few nm surface layers. The positive-ion spectra (not shown here) in the mass
to charge (m/z) range 2-100 with both the grafted materials had fragments at m/z = 15,
27, 29, 39, 41, 43, 55, 57, 67 and 69, which is the pattern characteristic of long chain
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hydrocarbons [89]. The m/z= 100-200 of the four polyesters grafted with 1-octene at 16
J/cm2 is shown in Figure 2. It was observed that the characteristic polyester peaks are
slightly less prominent due to coverage by the hydrocarbon graft.
The spectra in m/z= 100-200 of the four polyesters grafted with n-nonane at
16 J/cm2 are shown in Figure 3. Here the peaks of the polyester substrate are even
more prominent indicating a very thin graft or partial coverage of the surface by the
hydrocarbon.
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PET 1-octene

PTT 1-octene

PBT 1-Octene

PEN 1-Octene

Figure 2: Positive-ion ToF-SIMS results of 1-octene grafted polyesters, (m/z=100200).
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PET-n-nonane

PTT- n-nonane

PBT- n-nonane

PEN- n-nonane

Figure 3: Positive-ion ToF-SIMS results of n-nonane grafted polyesters, (m/z=100-200).
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Contact angle measurements of the hydrocarbon grafted polyesters
The deionized water contact angle measurements for the four different polyesters
that were only radiation treated, to the radiation treated and grafted hydrocarbons at
the different UV doses with 1-octene and n-nonane respectively are shown in Figure 4
and Figure 5 below. As hydrocarbons have low surface energy, it was assumed that
the hydrocarbon grafted surfaces would show increased hydrophobic behavior.
Previous publications by our group reported the water contact angle to increase with
radiation dose till 16 J/cm2, where it approached around 95˚ (~ contact angle of
polyethylene, 98˚). However, the average intensity level used in that finding was 20-40
mW/cm2 depending on the absorptivity of the different grafting agent vapors [77].
It was seen in our current results that there is no increase in hydrophobic
behavior, rather the opposite happening in 1-octene grafted PET. In PTT and PBT, the
increase in water contact angle only happens at 8 J/cm2. In case of PEN, there is no
change at 8 J/cm2 and 16 J/cm2, and the hydrophilicity of the grafted sample increases
at 32 J/cm2.
In our recent work on the effect of 172 nm UV radiation on the four different
polyesters, we compared the change in surface topography using two different intensity
levels, namely, 25 mW/cm2 and 90 mW/cm2. It was observed from the AFM data that
the surface roughness parameter Rq greatly increased (almost tripled in value) at the
higher intensity level with total UV radiation for PET and PTT at 16 J/cm2 and 32 J/cm2
compared to the Rq at the lower intensity at the same total UV doses. For PBT the
increase was not so marked, and in case of PEN there was almost no change except
for a slight decrease in Rq at 16 J/cm2 using the higher intensity level.
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These results correlated with the water contact angle measurements for PET,
PTT and PBT. In case of these three polyesters the water contact angles were almost
10-15˚ higher at 16 J/cm2 and 32 J/cm2 using the lower intensity level. PEN had an
unexpected difference of almost ~20˚ higher contact angle at the same total UV doses
when using the lower intensity level.
Thus the difference in the hydrophobic behavior of grafted PET compared to
earlier research Zhu and Kelley [77] is likely due to the variation in surface topography
with different intensities. The same would then also apply for the other polyesters,
which might exhibit increase in hydrophobicity when grafted at lower intensities.
A slightly different result is noted for the n-nonane grafts, where the water contact
angle increases at 32 J/cm2 for each of the four polyesters, and at 16 J/cm2 for all but
PET where it decreases. One of the factors to explain this might be the difference in
surface energy between 1-octene and n-nonane, the former has higher surface energy
due to the presence of the double bond and thus lower wettability.
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Figure 4: Water contact angle measurements of only radiated and the radiated and 1octene grafted polyesters.
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Figure 5: Water contact angle measurements of only radiated and the radiated and nnonane grafted polyesters.
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Fluorocarbon (HFD) grafting
Polymer films with low surface energy are highly attractive for a wide range of
applications such as anti-soiling, self-cleaning surfaces to membranes and fuel cells.
Fluorocarbons with their low surface energy and good chemical stability are an
attractive grafting material for the purpose. Previous research in our group successfully
grafted HFD( C10H3F17) onto PET films [77] [78]. Figure 6 shows the XPS results for the
F/C ratio for all the four polyesters with increasing UV radiation. The reference grafted
samples (0 J/cm2) were placed in the same conditions without the lamp on for the
maximum time period taken to delivering the 32 J/cm2 UV dose in the presence of the
grafting agent. It is observed that the pickup of HFD molecules is negligible without UV
light.
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Figure 6: Fluorine to Carbon (F/C) ratio for the HFD grafted surfaces of a) PET, b)
PTT, c) PBT, d) PEN before with UV irradiation, and the same samples after washing.
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The results show an increase of HFD uptake with increase in UV dose till 16
J/cm2, beyond which declines by around 50 percent at 32 J/cm2. The PET uptake trend
agrees well with previous research data. The four polyesters follow closely.
To investigate the effect of grafting post irradiation, the materials were exposed
to the grafting agent immediately after being irradiated. The results show significantly
low fluorine pickup in all cases. At 16 J/cm2, the F/C ratios for PET, PTT, PBT and PEN
grafted post irradiation were 0.11, 0.13, 0.03, and 0.06 respectively. This indicates that
the irradiation does not create surface radical sites with lasting activity.
To test the durability of the graft, the 16J/cm2 HFD grafted samples of each kind
were repeatedly dipped and agitated in a mild soap solution for two minutes to simulate
light washing. They were then rinsed in tap water for another 2 minutes and then
vacuum dried. Achieving a high, wash-fast loading on PTT is desirable to support its
use as an anti-soil, easily cleaned carpet. It is found that the HFD stayed on, the highest
durability being in PEN, and lowest in PTT.

ToF-SIMS of fluorocarbon grafted polyesters
The ToF-SIMS results for the HFD grafted polyesters at total UV dose of 16 J/cm2
in the m/z range 100-200 shown in Figure 7 below. The characteristic mass fragments
of fluorocarbons at 119 (C2F5+), 131 (C3F5+) and 169(C3F7+) in the m/z range 103-200
are seen along with some lower intensity peaks from the polyester substrate [89].
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PET-HFD

PTT-HFD

PBT-HFD

PEN-HFD

Figure 7: Positive-ion ToF-SIMS spectra of 16 J/cm2 radiated and HFD grafted
polyesters, (m/z=103-200).
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Contact angle measurements of fluorocarbon grafted polyesters
To find out the effect on surface hydrophilicity due to the combined effects of the
UV radiation and fluorocarbon grafting, the deionized water contact angles on the
grafted surfaces were measured. The contact angle is a significant surface parameter
and is dependent on the surface microstructure as well as surface chemistry [90, 91].
In our previous work on the effect of 172 nm UV on polyester family polymers,
we found that with total UV radiation increasing from 0 to 16 J/cm2, the surface also
became increasingly hydrophilic in all the polyesters. At 32 J/cm2 the contact angle
further decreased in all but PEN where it slightly increased in value. Beyond 32 J/cm2
the contact angles in the polyester samples remained more or less steady. The
hydrophilicity was greater with the lamp intensity at 90 mW/cm2 compared to 25
mW/cm2, however, the trend with increasing total radiation was very similar. The
contact angles of the polyester samples that were only radiation treated along with the
samples that were radiation treated and grafted are plotted in Figure 8. The reference
sample for the grafted materials was only exposed to the grafting agent under the same
conditions.
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Figure 8: Contact angle measurements of UV treated and HFD grafted polyesters
with water.
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It is seen that the combination of UV radiation and HFD grafting led to the highest
increase in surface hydrophobicity at 8 J/cm2 total UV dose. If the contact angle were
only dependent on the surface chemistry, it would be expected that the highest water
contact angle would be at 16 J/cm2 radiation level, as the F/C ratio is highest there as
indicated by the XPS. However, as the surface microstructure plays an important role
in wetting behavior, it is evident that the surface topography at 8 J/cm2 combined with
the grafting leads to maximum hydrophobic behavior of the polyester surface in each
case.
The oil-repellency of a surface is important in various applications such as antibacterial, anti-soiling, stain and spill-resistant coatings[92] [93]. As oils have a much
lower surface tension than that of water, a surface that is hydrophilic might not always
be oleophobic. To test the oil repellant nature of the HFD grafted polyester surfaces,
contact angles measurements were made using light mineral oil (Sigma-Aldrich). The
data obtained is plotted as shown in Figure 9.
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Figure 9: Contact angle measurements of UV treated and HFD grafted polyesters
with mineral oil.
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With no grafting and only radiation treatment, the mineral oil droplet spread out
completely immediately on coming in contact with the polyester surfaces. This wetting
behavior was the same in the polyesters subjected to vapor phase grafting agents
without radiation.
On the UV radiated and grafted surfaces, the mineral oil contact angle increased
with increasing total UV doses till 16 J/cm2, and with further increase in UV to 32 J/cm2
slightly decreased for all except in PEN. In case of PEN, there was a further slight
increase in oil contact angle at 32 J/cm2.

AFM analysis of all the grafted polyesters
Atomic force microscopy (AFM) images of all the grafted surfaces were obtained
to explore the topography of the grafted surfaces. The 5µm ´ 5µm scans of PET, PTT,
PBT and PEN grafted at 16 J/cm2 with each of the three different grafting agents: 1octene, n-nonane and HFD are shown in Figure 10 below along with untreated and
only 16 J/cm2 radiation treated material for comparison.
To get a better insight, the roughness parameter Rq was calculated for all the
material using NanoScope Analysis Version 1.70 software. Also known as the root
mean square roughness, Rq is mathematically defined as the root mean square
average of height deviations taken from the mean image data plane [94]. Six different
1µm ´ 1µm representative locations were chosen within the 5µm ´ 5µm images to
calculate the standard deviation. The results obtained are shown in Figure 11.
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Figure 10: AFM images of non- irradiated, 16 J/cm2 irradiated, 1-octene, n-nonane,
and HFD grafted PET, PTT, PBT and PEN surfaces.
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Figure 11: Comparison of Rq values for 0 J/cm2, 16 J/cm2, and 16 J/cm2 radiated and
grafted polyesters.
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From the Rq data, we see that in case of all the polyesters except PEN there is a
significant increase in roughness from the non-irradiated to 16 J/cm2 radiated surface.
The PEN surface Rq remains almost unchanged. With the presence of the grafting
agent 1-octene at 16 J/cm2 the roughness decreases to almost half its value at only
radiated in all PET, PTT and PBT. This likely indicates a smoothening of the surface
due to the formation of the grafted layer. With the n-nonane graft, the surface
roughness Rq value matches that of the untreated material in all the polyesters.
Considering that the radiation of 16 J/cm2 considerably roughened the surface, this
indicates that the surface smoothening caused by the n-nonane grafting was even
higher than that caused by 1-octene. This might indicate the grafted material is not
forming a separate monolayer on top of the surface as previously thought. Rather, the
grafting reaction is likely proceeding simultaneously with the radicalization of the
surface in presence of the UV light and organic vapors and getting homogeneously
incorporated into the substrate in a series of chain reactions.
In case of the HFD graft, the grafted surface reaches a Rq value almost the same
as the non-radiated surface. In grafting on PET surfaces previously it was calculated
the fluorocarbon layer was ~9 Å [77], however in the current results it is likely the grafted
layer is much thicker, as the difference between the only UV treated 16 J/cm2 compared
to the UV treated and grafted at 16 J/cm2 is more than 4 Å in PET, PTT and PBT. In
PEN the surface Rq remained almost unchanged with radiation, and there is an increase
of ~ 1nm with the HFD grafting.

Summary
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In this work, the surfaces of four different polyester materials PET, PTT, PBT and
PEN were successfully grafted with 1-octene, n-nonane and a long chain fluorocarbon.
Earlier in our research, we found that 172 nm Xenon excimer lamp irradiation on PET,
PTT, PBT and PEN shows the evidence of similar changes at the surface as well as
formation of likely the same surface-active groups. By grafting new functionalities on
the surface, the potential application of each material is enhanced. For example, we
are motivated to further investigate the fluorocarbon graft in PTT, because the polymer
is intended for applications in floor coverings, where a durable anti-soil covering is
especially desired.
All the four polyesters studied exhibit a common trend in all the characterization
results. XPS, ToF-SIMS and contact angle measurements confirmed the presence of
the surface hydrocarbon graft. The photochemically induced grafting evidently
proceeded by a radical mechanism, as this is the only way in which an alkane or
fluorocarbon can be directly grafted onto the polymer. In case of 1-octene and nnonane graft, the octene layer formed was thicker than the nonane layer in each
polyester. The trend in UV dose dependence was also similar. However, the
hydrocarbon grafts did not impart significant hydrophobicity, likely due to the combined
effect with higher surface roughening.
With the fluorocarbon graft, the highest fluorine uptake occurred at 16 J/cm2 in all
the materials. The corresponding hydrophobic and oleophobic properties imparted to
the surfaces as measured by the contact angle meter also showed a similar behavior.
The results indicate a increase in hydrophobicity at 8 J/cm2 due to a combination of
surface morphology as well as surface chemistry. The oleophobicity also increased
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significantly, and was greater than 60˚ (the oil contact angle in pure PTFE) in all the
polyesters at 16 J/cm2. The grafted layer was also moderately wash durable.
These results show that 172 nm UV assisted grafting can impart new surface
functionalities to polyester materials in a very efficient, economic and non-toxic
process. In our earlier work, we found that with only radiation treatment, each of the
four polyester surfaces became increasingly hydrophilic. Again, the degree of
hydrophilicity can be changed by varying the total UV dose or the lamp intensity levels.
For the numerous applications that require a hydrophobic or oleophobic surface,
grafting the suitable functional layer will provide a simple solution. The fact that it works
on commercial materials indicates the process is robust and not affected by the trace
impurities that are inevitably present in practical situations. With the availability of
planar microplasma excimer lamps, the process can be easily scaled up and deployed.
This research is useful in extending the understanding of UV assisted grafting of
vapor phase reagents on polyester surfaces. It is evident from the results that a similar
grafting mechanism occurs in all the four polyesters. By using other suitable reagents
that either undergo radical abstraction or radical addition different functionalities can
likely be imparted to the polymer surfaces. Further research is required to optimize
these effects and be able to precisely customize the desirable characteristics for each
and every application.

Conclusion
In this study 172 nm excimer UV irradiation assisted vapor phase grafting on four
different polyesters of the same family, PET, PTT, PBT and PEN were explored. Three
different grafting agents were chosen, 1-octene, n-nonane and a hydrofluorocarbon.
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XPS, ToF-SIMS and contact angle measurements confirmed the presence of a grafted
surface layer in each case. The trend of surface functionalization was similar in all the
four polyesters. This indicated that the photo assisted grafting proceeds by a radical
mechanism, as it is the only way the alkane could be grafted on the polymers. The
grafted fluorocarbon layer increased the water and oil contact angles significantly in all
the polyesters at at 16 J/cm2 total UV dose. The grafted fluorocarbon layer was
subjected to a light wash in detergent solution, and was found to be moderately durable.
The process is relatively fast, efficient and non- toxic. It can be used to graft other
suitable materials and can be easily scaled up and deployed.
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Chapter 4
Surface modification and
fluorocarbon grafting onto
polyethylene films using 172 nm
UV irradiation.
Abstract
Polyolefins, such as polyethylene (PE) are the most widely used synthetic
polymers in the world. The prospect of modifying and customizing their surface
characteristics without affecting bulk properties has been highly researched for
decades. The familiar wet chemical approaches face increasing environmental
concern, and other methods are costly, inefficient or complex to use. Surface
photochemistry driven by excimer UV lamps is a promising route. Previous studies
using 172 nm UV radiation from excimer lamps found bond scission and formation of
surface radicals and new functional groups on the polyethylene surface. In this work,
we investigated the response of technical grade of LDPE film to 0, 8, 16 and 32 J/cm2
of 172 nm UV from a xenon excimer lamp in the nitrogen atmosphere at normal
temperature and pressure. The intensity of the lamp was set at around 90 mW/cm2. It
was found that the UV treatment changed the surface chemistry and the surface
became more hydrophilic with increasing total radiation dose.
The reactivity of the UV-treated surfaces to nitrogen-borne heptafluorodecene
vapor in situ was then explored. The grafted samples were characterized using XPS,
FTIR-ATR, ToF-SIMS, AFM and contact angle measurements with water and light
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mineral oil. The results show that the UV assisted grafting reaction was successful in
creating new surface properties. In the case of the fluorocarbon graft, the surface
exhibited increased hydrophobicity and oleophobicity. Grafting fluoropolymers to
olefins is novel, and the results are expected to apply to the other polyolefins as well.
This is a significant finding as the process is valuable for deployment in many
applications such as imparting soiling resistance and cleanability to polyolefin
carpeting and upholstery fabrics.
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Introduction
Polyethylene is globally the most widely used synthetic polymer material, with a
market estimated to exceed 99.6 million metric tons in 2018. It is easily available,
inexpensive and has a significant impact on the economy. Polyethylene has several
mechanical and chemical properties that make it a very useful raw material for
numerous industries [95]. In general, the material exhibits good chemical stability,
electrical insulation and water resistance. Depending on its density and type of
branching, polyethylene can be classified into several categories, each of which has a
slightly different mechanical property. The structure of a polyethylene repeating unit,
mer, is shown in Figure 1.
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Figure1: Structure of polyethylene mer.
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Polyethylenes are used in applications ranging from packaging food and
beverages, pharmaceuticals, electrical insulation, pipelines, to biomedical implants. In
many of these applications, surface modification without affecting the bulk properties
is very important. For example, untreated polyethylene surface has low surface
energy and exhibits very poor adhesion and printability. In case of packaging
material, this needs to be altered as printability is valuable [96-98]. Again, in
biomedical applications, cytocompatibility is important [99-101]. Research has been
ongoing for decades to improve the surface properties and impart desirable
functionalities to the polyethylene surfaces [102]. Among these, wet chemical,
plasma, corona, and ultraviolet irradiation treatment have all been successful in
varying degrees, each process having its advantages and limitations [102-106].
Polymer surface modification using vacuum ultraviolet light from excimer UV lamp is a
method that offers several advantages, such as high efficiency, ease of operation,
lower costs, no toxic emissions and no heating of the substrate [107-110]. Several
studies using the 172 nm xenon excimer lamp to improve wettability, adhesion,
printability, biocompatibility properties in polyethylene and other polymers have been
successful [111-116]. Earlier research in our group also grafted a vapor phase
fluorocarbon on polyethylene terephthalate assisted by 172 nm UV light to create a
low energy surface. Here, we use the same wavelength to study the effect on
polyethylene and the possibility of imparting new functionalities on its surface by
photo assisted grafting.
The effect of VUV irradiation on LDPE has been reported previously, however
most reports cover a broad range of wavelengths from different sources, different
intensities and experimental environments. In 2002, Wilken et al published their work
on the effect of 100-200 nm UV using hydrogen plasma on commercial grade PE and
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other polymers and proposed a scheme for the VUV photolysis of PE. However,
hydrocarbon polymers absorb very strongly below 160 nm due electronic excitation of
the s bonds in C-C and C-H, and our lamp has very little output power in that region.
In their in depth work on vacuum ultraviolet photolysis of hydrocarbon polymers,
Truica-Marasescu and Wertheimer [117] used four different excimer UV sources,
including the xenon excimer, to study the wavelength dependence on photolysis of
several polymers, including low-density polyethylene (LDPE). The materials were
irradiated in a vacuum environment. They found that the rate of ablation occurring in
all the polymers depended on its structure, absorption coefficient, as well as the
intensity and the radiation wavelength. Measurements taken using a quartz crystal
microbalance (QCM) in-situ showed almost negligible etch rate in polyethylene
irradiated with 172 nm UV at an intensity of 0.6 mW/cm2 upto 70 mins (~2.5 J/cm2).
This was attributed to the structural changes on the surface, such as formation of
C=C bonds and crosslinking, which lowered the absorption coefficient and thus the
etching rate with increased UV doses. In a later study on irradiating LDPE in an
ammonia atmosphere using the 172nm radiation, their XPS data showed no
measurable nitrogen incorporation on the surface. This was explained by the fact that
PE absorbs very little radiation at l >160 nm, and the absorption coefficient beyond
that is due to impurities, additives and structural anomalies [118].
Earlier, Tanaka, Naganuma, Kato and Horie [114] studied the surface
modification of polyethylene and other polymers under 172 nm UV radiation from a
dielectric barrier discharge type excimer lamp. The lamp intensity used was >10
mW/cm2, and the experiment was done in both nitrogen or dry air. The samples were
characterized using XPS, FTIR-ATR and contact angle measurements. Their study
found that the surface became more hydrophilic with increasing radiation, and this
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effect was more pronounced in nitrogen than dry air. From the IR measurements,
they observed C-H bond scission in the methylene structure and formation of vinylene
and carbon-oxygen structures. However, though this work shed light on the
mechanism of photo physicochemical changes on the polymer under 172 nm UV
light, some important details such as the source of the polyethylene material, quality
of nitrogen used, detection method for the radiation were not provided. The effect of
varying the total dose was also not specified, nor was any change in the surface
topography due to irradiation studied.
This work builds upon existing studies to investigate in more detail the effect of
172 nm UV on LDPE film. Technical grade of LDPE was chosen to understand the
fundamental science as well as develop a technology that would support a scalable,
deployable process. For our experiment, we used a xenon excimer planar
microplasma lamp [119, 120] at a much higher intensity level of ~ 90 mW/cm2 in
nitrogen atmosphere at normal temperature and pressure. The samples were treated
with a total UV dosage of 0, 8, 16, 32 or 64 J/cm2 to explore the effect of varying
irradiation levels. Surface analysis was done using XPS, FTIR-ATR, ToF-SIMS, AFM
and contact angle measurements to fully characterize the results. The XPS and FTIRATR results were in agreement with those found by [114], and concurred with our
ToF-SIMS data. AFM image analysis showed a change in surface structure with
increased UV doses. The deionized water contact angle on the treated surface also
decreased with increasing the total radiation.
Research has been ongoing to develop methods to fluorinate the surface of
polymers and impart low surface energy which confers high hydrophobicity, stain
resistance, anti-soiling properties. Fluoropolymers also exhibit high thermal and
chemical stability, high optical transmittance, reduced friction and gas barrier
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properties. The widely known fluoropolymers, polytetrafluoroethylene(PTFE) and
polyvinylidene fluoride (PVDF) are expensive, and complex to synthesize. Commonly
used routes to fluorinate LDPE include the direct fluorination method in which the
films are exposed to a mixture of gaseous molecular fluorine with other gases such
nitrogen, argon, oxygen under varying conditions of temperature and pressure [121,
122]. Peyroux et al also investigated a different method in which the LDPE films were
treated with a specific reagent XeF2 which released atomic fluorine. Their results
showed that the fluorination route used markedly influenced the surface fluorine
content [98].
To explore the potential of 172 nm UV in grafting a fluorocarbon layer on the
LDPE surface, we used vapor phase 1H,1H,2H-perfluoro-1-decene (HFD) as the
grafting agent. The samples were irradiated and simultaneously exposed to the
nitrogen borne HFD. A notable advantage of this technique is that the fluoropolymer
coatings can be obtained without the possibility of oxygen incorporation during the
process or in service. The grafted polyethylene surface was studied using XPS, FTIR,
ToF-SIMS, AFM and contact angle measurements. The results indicate the formation
of a fluorocarbon layer, with maximum fluorine pickup at 16 J/cm2 irradiation. XPS
data indicated this layer was durable under a mild wash with soap and water solution.
The fluorocarbon graft made the surface reach a maximum hydrophobicity of ~110˚,
equaling that of PTFE at 20˚C. The surface also became oleophobic, reaching a
maximum of ~67˚ (light mineral oil) at 16 J/cm2 total UV dose. This would greatly
benefit the cleanibility of olefin carpets and upholstery.
This is a significant result as we show the surface functionality of polyethylene
was changed by grafting a low molecular weight fluoropolymer at normal temperature
and pressure. Grafting fluoropolymers to olefins is novel and is valuable for imparting
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properties such as soil resistance and cleanability. Coating from solution methods is
complex and costly, and involves toxic chemicals such as perfluorooctanoic acid. The
more recent processing technologies use direct fluorination technique. In our method,
by bypassing direct fluorination, the accompanying hazards of fluorine gas or xenon
difluoride are eliminated. The fluoropolymer coating imparts water and oil resistance
which is particularly desirable in packaging industry, and in applications that are
subject to weathering such as solar panel backboards. Fluorinated LDPE surfaces
have also been shown to exhibit greater corona resistance, and this method could
provide a relatively simple and economical way to do so in electrical cable insulation.
A current challenge that is being widely researched is to improve oxygen and other
gas barrier properties of polyethylene at a lower cost. A fluorinated surface is
promising in improving the barrier properties, and this method has great potential to
meet that goal.
Thus, this work is valuable in view of understanding in more detail the effect of
172 nm UV on low density polyethylene and its application in photoassisted grafting
of a fluorocarbon surface. The method can be used to graft other suitable materials
as well. The grafting process is relatively fast, efficient, economical and environment
friendly and could easily be scaled up and deployed.

Experimental

Materials and Processing
The materials were studied as vendor supplied 0.23mm (230 µm) thick additive
free low-density polyethylene (LDPE) films from Goodfellow. Samples were cut into
strips about 2 x 2 cm, rinsed with isopropanol (Fisher, HPLC grade) then deionized

122

water (>18 MΩ), and vacuum dried prior to irradiation. The UV-irradiation was
accomplished using an Eden-Park™ 172 nm xenon excimer microplasma lamp [119]
enclosed within a polycarbonate cylinder, sealed at the ends and flushed continuously
with boil-off from liquid nitrogen. The material to be treated was attached to the inner
surface of the enclosure, providing a constant distance of about 7 cm from the lamp.
An International Light Model 1400A photometer with a SED-185 detector head was
used to measure the irradiance at sample position. The spectral energy distribution of
the lamp and the detector response curve do not overlap perfectly, so it was
necessary to introduce a correction factor to the meter reading to acquire the actual
UV dose. The average irradiance received at sample position is about 90 mW/cm2.
Multiple samples were acquired at dose levels of 0, 8, 16, 32 J/ cm2.
The

vapor

phase

grafting

reagent

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-decene

used
(99%,

was
Aldrich),

hereafter referred to as HFD.

Characterization results

XPS
XPS

data

were

collected

with

a

PHI

Quantera

instrument,

using

monochromated Al Kα radiation with charge neutralization. Spectra were collected
from 200 µm diameter spots at a photoelectron takeoff angle 45˚ to the surface.
FTIR-ATR absorption spectra in the range 400-4000 cm-1 were obtained with a
Nicolet Nexus 670 instrument using a diamond crystal attachment.
Time of flight secondary ion mass spectrometry (ToF/SIMS) provides valuable
information about the topmost layer surface chemistry. We used a PHI “TRIFT II
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CE” instrument to raster a 200 μm by 200 μm surface area using 12 keV gold cluster
ion beam with ~ 3 nA current and extraction voltage set at 6900 V. Data acquisition
time was set for 5 min with charge compensation. The sample surface received an
average ion dose of 3.7×1010 ions/cm2, well within the static regime for SIMS
analysis. Multiple areas were sampled so as to make sure that results were
consistent and reproducible.
AFM data were obtained by a Digital Instruments “Dimension 3100” AFM with a
Nanoscope IV® controller, using a 75kHz resonant frequency tip in tapping mode.
Multiple 5µm × 5µm areas were sampled at different locations for analysis.
Contact angle measurements were performed using a Tantec CAM-MICRO
(manual) instrument. The sessile drop results using deionized water or light mineral
oil (Sigma-Aldrich) were taken, and the experiment was repeated at least thrice. The
error in measurement was around ± 2˚.

Results and discussion

XPS
The XPS results provide valuable insight into material surface chemistry [123].
Pure polyethylene does not contain any oxygen in its structure. However, in our XPS
measurements it is observed that there is a minute quantity of oxygen present in the
untreated sample (O/C= 0.018) and it increases slightly with increasing radiation, as
seen in Figure 2. This could be from trace amounts of oxygen contamination in the
system, or incorporated on the irradiated sample when it was exposed to the
atmosphere for measurement. A similar observation was made by Tanaka,
Naganuma, Kato and Horie [114] who found that the surface oxygen incorporation
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was more when the experiment was conducted in nitrogen atmosphere compared to
dry air. They concluded that due to the lower intensity of VUV light arriving on the
surface in the latter case, the quantity of free radicals formed is much lower than in
nitrogen. The larger quantity of free radicals present led to more efficient reaction with
the trace amounts of oxygen-derived species present in the reaction chamber.
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Figure 2: Oxygen to Carbon (O/C) ratio for the surfaces of PE before and after 172
nm UV irradiation.
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ATR-FTIR
To investigate the effect of 172 nm UV light on the polyethylene surface
chemistry, ATR-FTIR measurements of the untreated and treated samples were
taken. The depth of penetration of the IR beam (~ 0.5 - 5µm) is much greater than the
estimated depth of penetration of the 172 nm radiation (~ 250 nm) [117]. So, the
signal arriving from the untreated bulk region is much more than that from the UV
modified region. To better observe the changes happening due to radiation, the
difference spectra between the treated and untreated material is amplified as shown
in Figure 3(a) and (b). For representation, ATR-FTIR absorbance spectra of only the
untreated and 16 J/cm2 UV treated samples in the wavenumber region 400-4000 cm-1
is shown. It is observed in Figure 3(b) that with the UV irradiation, new bands appear
at 966.2 and 1708 cm-1. The former can be attributed to the trans vinylene double
bond (-CH=CH-) formed by hydrogen abstraction, and the latter to C=O. This
indicates breaking down of the C-H bonds to form C=C along with other hydrocarbon
structures and incorporation of oxygen on the surface. This result is in agreement with
the XPS results, and those observed by Tanaka, Naganuma, Kato and Horie [114].
Again, it is also observed that with radiation the band at 717.4 shifts slightly to 719.3,
and that at 2914 shifts to 2915. The band at 718 in LDPE is attributed to the CH2
rock, and that around 2914 is due to CH2 asymmetric C-H stretch. The ratio between
the intensity at 718 (CH2 rock) and 730 (split CH2 rock) also decreases from 2.3
(untreated) to 1.9 (16 J/cm2 UV treated).
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Figure 3: ATR-FTIR spectra of untreated and 16 J/cm2 UV (172 nm) treated
polyethylene (PE) surface.
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There is also an increase in the peak intensity around 1462 (C-CH2 scissors).
These all indicate changes in the CH2 structures due to irradiation, and likely C-C
crosslinking in the region. The absorption in the region between 2810-2860 cm-1 is
due to methylene structures, and that above 2860 cm-1 can be attributed to the new
C-H structures formed by the VUV treatment. It is observed that there is a broadening
of the band beyond 2860 cm-1 and the appearance of a smaller peak around 3020
cm-1. All these would indicate that the CH2 structure is degraded by the 172 nm UV
radiation, and new hydrocarbon structures are formed in accordance with Norrish I
and II reactions. The results are in agreement with the typical reaction pathway for PE
with VUV radiation proposed by Tanaka, Naganuma, Kato and Horie [114], shown in
Figure 4, and those observed by Truica-Marasescu and Wertheimer [117].
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Figure 4: Typical reaction pathway for PE in VUV irradiation, adapted from Tanaka,
Naganuma, Kato and Horie [114].
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ToF- SIMS
The ToF-SIMS provides more surface sensitive information from the top few
nanometers, which is well within the UV modified region. The positive-ion ToF-SIMS
spectra of the untreated and increasing doses of 172 nm UV treated polyethylene
surface in the mass to charge (m/z) range 0-100 is shown in Figure 5.
The untreated sample shows the characteristic fragmentation peaks at m/z =
15, 27, 29, 39, 41, 43, 55, 57, 67, and 69 [124]. It is observed that in the
untreated sample, the intensity of the peak at 27 is higher than that at 29. With
increased irradiation beyond 16 J/cm2, the intensity of the peak at 27(C2H3+,
CH2=CH+) compared to 29 (C2H5+, CH3-CH2+) increases. Also, there is an increase in
intensity of the fragment at 43(C3H7+, CH3-CH2-CH2+) compared to 41(C3H5+, CH2=CHCH2+), and that at 57(C4H9+, CH3-(CH2)3+) compared to 55(C4H7+, CH2=CH-CH2-CH2
+

). All these agree with the earlier FTIR-ATR results.
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0J

8J

16J

32J

64J

Figure 5: Positive-ion ToF-SIMS of PE with UV irradiation doses of 0, 8, 16, 32 and
64 J/cm2 in m/z range 0-100.
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AFM results
To investigate the changes in surface morphology due to irradiation,
topographic analysis was carried out with AFM on each of the untreated and UV
treated specimens. Figure 6 shows AFM images of untreated, 8, 16, 32 and 64 J/cm2
radiated samples. It is seen that the surface appearance changes with increasing
radiation, and from untreated to 8 J/cm2 treated samples the surface becomes more
wrinkled. There were no “nodules” formed by agglomeration of low molecular weight
oxidized materials (LMWOM’s) on the surface.
To get a more quantitative understanding, the image roughness parameter Rq
was plotted for each sample using the NanoScope Analysis Version 1.70 software. By
definition, Rq is the root mean square average of height deviations taken from the
mean image data plane[125]. For each calculation, six different 1µm´1µm
representative areas were chosen within the 5µm ´ 5µm images to calculate the
standard deviation in the roughness parameter. The results are plotted and shown in
Figure 7(a).
Although by visual inspection there is a change in the wrinkling pattern with
increasing radiation, this is not as well illustrated in the Rq plot. The valley count
parameter [125] when plotted more reflect the surface morphology change, as shown
in the Figure 7(b).
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Figure 6: AFM images of polyethylene, both untreated and treated with 8, 16, 32 and
64 J/cm2 total UV irradiation.
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Figure 7: Root mean square roughness and valley count on PE surface with
increasing UV irradiation.
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Contact angle measurements
The water and mineral oil contact angle results of different doses of 172 nm UV
radiation using a manual goniometer is shown in Figure 8(a) and 8(b) below. The
deionized water contact angle of the pristine LDPE material was ~92˚. With the
radiation dose of 8 J/cm2 it decreased to ~80˚. On further radiating till 16 J/cm2, the
contact angle decreased slightly to ~78˚and at 32 J/cm2 dropped to ~73˚.
Thus, the wettability of the surface increases with increasing total radiation, the
maximum change being from untreated to 8 J/cm2. This increase in wettability is in
agreement with Tanaka, Naganuma, Kato and Horie [114], who observed a gradual
and continuous decrease in the contact angle with time when LDPE was treated with
172 nm UV radiation in nitrogen atmosphere. However, from their plotted results, the
contact angle dropped from ~90˚ in the untreated material to ~20˚ at 8 J/cm2. This is
much lower compared to our result of 80˚ at 8 J/cm2 and is likely due to more than
trace amount of oxygen present in their experimental environment. A similar result
was obtained by Gotoh and Kikuchi [112] who studied the wettability of several
polymers including polyethylene using 172 nm UV light in ambient air. The intensity of
lamp used was 15.8 mW/cm2, and treatment time was 1 minute, so the estimated
total dose is around 948 mJ/cm2. Their XPS data showed considerable oxygen pickup
in all the polymers (~10% in PE) but the AFM data indicated almost no topographical
change. This led them to conclude that the increase in wettability was entirely due to
the change in chemical structure, namely, increase in surface oxygen concentration.
Again, O'Connell, Sherlock, Ball, Aszalos-Kiss, Prendergast and Glynn [113] radiated
LDPE films with 172 nm UV in reduced air atmosphere at an intensity of 21 mW/cm2
and found the maximum wettability after 20 mins, with water contact angle ~58˚. The
estimated total radiation dose after that time would be ~25 J/cm2.Thus the increase in
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surface energy due to greater surface oxidation with increasing doses of 172 nm UV
irradiation is likely the main cause of higher wettability in LDPE [114].
With light mineral oil, the droplet spread instantaneously on both the untreated
and radiation treated polyethylene surfaces. This is expected as the oil has a much
lower surface tension, ~32 mN/m at 20 ˚C.
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Figure 8: (a) Water and (b) light mineral oil contact angle of PE surface with
increasing doses of 172 nm UV irradiation.
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HFD grafting
Fluorocarbon coatings are commonly applied to polymer surfaces to lower the
surface energy. Fluoropolymer surfaces impart improved resistance to oily soils
encountered by carpets and upholstery fabrics. The fluorinated layer also imparts
greater chemical and thermal stability, increased adhesion and printability, higher
optical transmittance and gas separation properties. Fluorinated LDPE surface has
also been shown to exhibit improved corona resistance [126]. Other applications
include membrane material for solar battery backboard, improved gas barrier
packaging material [127]. Fluorine can be incorporated on the polyethylene surfaces
by different methods, direct fluorination with gas phase molecular fluorine being one
of the most widely used. Peyroux et al also used gaseous XeF2 to fluorinate LDPE
with atomic fluorine [98, 121, 122]. Other methods include polymerization from the
solution phase, plasma polymerization of fluoromonomers, all of which have
limitations such as complex processing equipment or use of hazardous chemicals.
Wheale and Badyal [128] sought to enhance fluorination on LDPE using XeF2
in the presence VUV radiation produced by low pressure plasma, and found the
fluorine pickup was negligible in absence of radiation. The F/C ratio was highest at
the shorter wavelengths.
Here we used nitrogen borne vapor phase 1H,1H,2H-perfluoro-1-decene (HFD)
as the grafting agent to create a fluorinated surface. The flow rate of the gaseous
mixture was around 10 cc /min. For the reference grafted sample, the material was
exposed only to the grafting agent in the absence of UV for the same time period it
took to achieve a maximum 32 J/cm2 UV dose. It was found by XPS analysis that the
fluorine pickup was negligible with no UV radiation (F/C =0.0020), as seen in Figure 9
below. With increasing UV dose to 8 J/cm2, the F/C atomic ratio increased to ~0.747,
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reaching a maximum of ~0.898 at 16 J/cm2 and then decreasing to ~0.499 with
further radiation to 32 J/cm2.
To investigate the fluorination effect post irradiation, the LDPE samples were
first radiated and then immediately exposed to the grafting agent. XPS results
showed very little fluorine pickup, with the F/C ratio ~0.08 when grafted post 16 J/cm2
irradiation. This indicates that the active surface sites created by irradiation are short
lived.
In comparison, direct fluorination of LDPE (with a mixture of 10% volume of
fluorine with nitrogen) at 60 KPa pressure at 20˚C for 20 minutes showed a F/C ratio
of 0.836. The F/C pickup was varied by varying the temperature and pressure, and
maximum F/C ratio of 1.897 was reached at the same pressure at 70˚C with the
reaction time of 1 hour [122]. The F/C ratio in the most commonly known
fluoropolymers, PTFE and PVDF is 2 and 1 respectively.
HFD (C10H3F17) is an olefin terminated fluorocarbon with the F/C ratio being 1.7,
the structure of one molecule of HFD is shown in Figure 10 below. The photon energy
of 172 nm VUV radiation, which is around 695.7 kJ/mol is sufficiently high to
dissociate the C-F bond with energy around 485 kJ/mol, C-H bonds around 413
kJ/mol and C-C bonds at 347.7 kJ/mol. Thus, in presence of UV light, there is a
synergistic reaction involving the breakdown of the C-C and C-H bonds on the
polymer surface forming free radicals on the surface, simultaneously with the photodissociation of the fluorocarbon. These active surface sites then react with the
dissociation products and create a fluorinated surface. Other volatile products that
might also have formed such as C2F4 and C2F6 escaped.
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Figure 9: Fluorine to carbon ratio on the grafted PE surface with increasing UV
irradiation, before and after washing.
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Figure 10: Molecular structure of 1H,1H,2H-perfluoro-1-decene.
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Previous researchers have not investigated the end-use stability of modified
surfaces to, e.g., washing. To test the durability of the grafted fluorocarbon layer in
practical applications, the samples were vigorously agitated for two minutes in a mild
solution of dishwashing detergent in tap water, to simulate a light hand wash
condition. They were then rinsed with deionized water, vacuum dried and analyzed by
XPS. The results, as also shown plotted in Figure 9, show that the F/C ratio
decreased very slightly after washing, indicating that the grafted layer is moderately
wash durable. Also, it confirms that there was no low molecular weight organic
material (LMWOM) forming on the surface when UV radiated, else the layer would be
rinsed off by washing.
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ToF-SIMS results of HFD grafted LDPE
ToF-SIMS analysis was done to further investigate the fluorinated species
present on the surface. The positive-ion ToF-SIMS data for the fluorinated
polyethylene surface with the UV dose at 16 J/cm2 in the mass/charge (m/z) range 0100 and 100-200 is shown in Figure 11 below. The characteristic mass fragments for
fluorocarbons at 31(CF+), 69(CF3+), 119 (C2F5+), 131(C3F5+) and 169(C3F7+) are
present along with some lower intensity peaks from the polyethylene substrate.
However, the peak at 19 is almost absent, indicating no F+ species, which might mean
that all the fluorine exists in combination with hydrogen or carbon. The highest
intensity is observed for the fluorinated peaks at 31, followed by 69, 131, 119 and
169. It is also seen that the characteristic hydrocarbon peaks of polyethylene are
almost absent, indicating uniform coverage of the fluorinated surface.
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Figure 11: Positive-ion ToF-SIMS spectra of HFD grafted polyethylene in m/z= 0-200.
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Contact angle measurements of HFD grafted LDPE
The contact angle measurements of the HFD grafted polyethylene surface with
deionized water is shown in Figure 12(a) below. It is observed that all other conditions
remaining the same, with the sample being exposed to the vapor phase HFD in the
absence of UV light, the water contact angle is around 3-4˚ higher (~96˚) than
untreated polyethylene (~92˚). With the 172 nm UV radiation, the contact angle
reaches ~ 110˚ when the radiation dose is 16 J/cm2 , an increase by almost 20%. This
value is the same as that of pure polytetrafluoroethylene (108˚-110˚) at 20˚C. The
result corresponds to the XPS data, which shows the fluorine pickup is highest at 16
J/cm2 (0.898 ). Without grafting, the contact angle at that radiation dose is around 80˚.
In comparison, Wang, Li, Li, Lai, Liu, Cheng, Wang and Liu [122] found that
direct fluorination of LDPE at 20˚C with the pressure at 60KPa for 20 mins showed an
increase in water contact angle from 98.1˚(pristine) to 109˚, when the F/C ratio was
0.836.This is an increase of around 11%. An increase by 20.2% to 117.9˚was
obtained when the F/C ratio increased to 1.897, which required processing at 70˚C for
1 hr at 60 KPa gas pressure [122]. They also observed that temperature, fluorination
time and fluorination gas partial pressure were important parameters influencing the
chemical structure of the fluorinated layer. In our case increasing the time and thus
the total UV dose did not lead to any increase in the F/C ratio.While this might have
been attributed to the loss of carbon in volatile products, the contact angle
measurements indicate that the likely reason for saturation is the reaction reaching a
state of equilibrium.
When a drop of light mineral oil comes in contact with the untreated
polyethylene surface, it spreads instantly. With the sample surface that has been
exposed to the HFD vapor only, there is a very small (<5˚) increase in contact angle,
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as seen in Figure 12(b). This increases when grafting occurs in presence of both the
vapor phase fluorocarbon and UV light. Here also the contact angle is measured to
be highest at 16 J/cm2 irradiation, ~67˚. Thus, the surface is also imparted
oleophobicity by the HFD grafting. This is novel, and would be valuable for imparting
resistance to contamination by oily soils and cleanability to polyolefin carpets and
upholstery.
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Figure 12: (a) Deionized water contact angle on untreated and HFD grafted PE using
increasing UV irradiation, and (b) light mineral oil contact angle on HFD grafted PE.
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AFM results of the HFD grafted samples, with 16 J/cm2 UV radiation
The AFM images of the grafted samples were obtained to investigate the effect
of fluorocarbon grafting on the polyethylene surface, and are shown in Figure 13.
The root mean square surface roughness Rq and the valley count parameters
were obtained (using the procedures as before in Figure 7, for the untreated, 16
J/cm2 radiation treated and 16 J/cm2 radiation with HFD treated polyethylene
surfaces. As seen in Figure 14 (a) and 14 (b), there appears to be a smoothening of
the surface with the HFD graft compared to only the radiation treated material.
However, compared to the pristine surface, the roughness is increased. By visual
inspection of the images (not shown here) there were no island structures formed,
indicating that the grafting proceeded uniformly on the surface.
The root mean square surface roughness Rq and the valley count parameters
were obtained (using the procedures as before in Figure 7, for the untreated, 16
J/cm2 radiation treated and 16 J/cm2 radiation with HFD treated polyethylene
surfaces. As seen in Figure 14 (a) and 14 (b) below, there appears to be a
smoothening of the surface with the HFD graft compared to only the radiation treated
material. However, compared to the pristine surface, the roughness is increased. By
visual inspection of the images (not shown here) there were no island structures
formed, indicating that the grafting proceeded uniformly on the surface.
Direct fluorination with molecular fluorine of the LDPE by Peyroux et al showed
increase in surface roughness parameters from pristine (Ra = 11nm, Rq = 14.2nm) to
samples fluorinated for 20 minutes at room temperature (Ra = 34.7nm, Rq = 41.4nm).
Treatment with atomic fluorine resulted in lower roughness values (Ra = 18.7nm, Rq =
24.1nm).
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Figure 13: AFM images of untreated, 16 J/cm2 radiated, and 16 J/cm2 radiated and
rafted LDPE.
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Figure 14: (a) Root mean square surface roughness (a) and (b)valley count
parameters of the untreated, 16 J/cm2 treated, and 16 J/cm2 with HFD grafted
polyethylene samples.
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Summary
In this work the effect of 172 nm Xe excimer lamp irradiation on polyethylene in
nitrogen atmosphere was studied using XPS, ATR-FTIR, ToF-SIMS, AFM and
contact angle measurements. The ATR-FTIR, and ToF-SIMS results indicate bond
scission, hydrogen abstraction, formation of new hydrocarbon structures. XPS
revealed incorporation of trace oxygen on the surface. It was also visually observed
that the LDPE was brightly fluorescent during irradiation. These are in agreement with
previous research on polyethylene under VUV irradiation. Though the conditions used
in our experiment were different from any others, such as a much higher 90 mW/cm2
lamp intensity, and higher radiation doses till 64 J/cm2, the trend observed is similar.
Beyond 16 J/cm2, a steady state was reached. This was likely due an equilibrium
condition between bond scission and recombination of the C=C bonds being formed,
which either cross-linked or migrated along the polymer. This saturation of the
reaction with time was also observed by the others. As there was only trace amount
of oxygen in the system, possibility of the PE getting oxidized was very low, and there
was no formation of nodules of LMWOM on the surface, ruling out any significant
surface etching.
The AFM images indicated surface roughening and appearance of a wrinkled
pattern with increase in the total radiation dose. The wettability of the surface also
increased with higher UV doses, and the deionized water contact angle decreased
from ~ 92˚ in the untreated sample to ~80˚ in the 16 J/cm2 irradiated sample and ~72˚
at 32 J/cm2 irradiation. The degree of wettability was much lower than reported
elsewhere due to only trace oxygen for surface oxidation compared to irradiation in
ambient air.

152

Again the 172 nm UV assisted grafting of vapor phase HFD on the polyethylene
surface was studied using XPS, ToF-SIMS, AFM and contact angle measurements.
XPS analysis of our LDPE samples exposed to vapor phase 1H,1H,2H-perfluoro-1decene simultaneously with 172 nm UV irradiation showed maximum fluorine pickup
at 16 J/cm2 total UV dose. ToF-SIMS and FTIR data also confirmed the fluorinated
surface. Though the maximum fluorine pickup using this method (F/C= 0.898) was
much less than those obtained by direct fluorination methods (~1.16 - 1.89), the
process was relatively faster and could be carried out at room temperature and
pressure. The fluorocarbon grafted LDPE surfaces showed increased hydrophobicity
(maximum ~110˚). This is the same as the widely used polymer PTFE. The surfaces
also exhibited oleophobicity (maximum ~68˚). The fluorinated surface was durable to
mild washing with soap and water.
PTFE is produced by the free-radical polymerization of tetrafluoroethylene,
which needs special apparatus for storage as it is dangerously explosive. The
polymerization process is complex and costly. By contrast, 1H,1H,2H-perfluoro-1decene is a liquid that can be stored at room temperature and pressure, and no
special expensive equipment or processing conditions is needed during the VUV
assisted fluorination process. The possibility of obtaining fluoropolymer coatings
without oxygen incorporation during process is advantageous in coated LDPE used in
electrical insulation.
The 172 nm UV assisted grafting of a fluorocarbon onto LDPE is novel and
significant in numerous applications, such as imparting oily soil resistance and
cleanibility to polyolefin carpets and upholstery. This is a valuable finding especially in
view of the relatively fast, efficient, economical and environment friendly nature of the
process that could easily be scaled up and deployed
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Conclusions
In this work, the effect of varying doses (0-32 J/cm2) of 172nm excimer
microplasma lamp irradiation in nitrogen atmosphere at an intensity level of ~70-90
mW/cm2 on low density polyethylene was examined. The possibility of VUV assisted
vapor phase fluorocarbon grafting on the polyethylene surface was also investigated.
The results revealed that there were differences in surface chemistry and topography
after irradiation. The wettability of the surface increased with increasing radiation. The
VUV radiation was able break the hydrocarbon bonds and create active surface sites
amenable for grafting in situ. Grafting post irradiation showed little fluorine pickup
indicating short lifetime of the active sites. The fluorocarbon grafted material at 16
J/cm2 showed water contact angle of ~110˚ and light mineral oil contact angle of ~68˚.
This is valuable in olefin carpeting and upholstery for creating a surface easily
cleanable from oily soils. Preliminary results revealed that the grafted layer was
durable when subjected to a light wash with mild detergent solution.
The process is novel and has great potential for use with other suitable grafting
agents to impart different surface functionalities. It is efficient, non-toxic, relatively
fast, and easily scalable and deployable.
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Chapter 5
Effect of 172 nm UV irradiation
on polyimide and its application in
surface modification by grafting.
Abstract
Polyimides have a wide range of industrial and scientific applications due to their
excellent thermal and mechanical stability and chemical resistance. Their response to
UV irradiation is of further interest in high value applications such as spacecraft
technology and electronics packaging. We investigated the response of samples of
PMDA-ODA (PI) commercial films to doses of radiation from 0 - 64 J/cm2 using a 172nm
UV xenon excimer lamp in the absence of oxygen. XPS, ToF-SIMS, AFM and contact
angle measurements were used to characterize the effect. Calculated UV/VIS
absorption spectra were obtained using the ZINDO//B3LYP/3-21G method to give an
indication of which orbitals are involved in the transitions near 172 nm. The reactivity
of

the

different

UV

treated

polyimide

samples

towards

nitrogen-borne

heptafluorodecene vapor was then investigated using the above techniques. Grafting
reactions occurred on the surface of the photochemically activated polymer. This study
explores the potential to modify polyimide surfaces using UV assisted grafting to impart
valuable functionalities.
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Introduction
Polyimide (PI) films offer reasonable mechanical strength with excellent dielectric
properties, thermal stability and chemical resistance [129, 130]. Accordingly they find
high value in applications such as microelectronics and space technology [131, 132].
Here, surface-mediated properties, both positive and negative, are important, e.g.,
metal/polymer adhesion [133, 134] versus UV photo-degradation in space.
Several end-use performance application studies have examined the effect of
different exposure parameters in space environments such as deep UV radiation,
atomic oxygen, and extreme temperature conditions, finding that polyimides are robust
compared to other polymers. In studying the effect of simulated low earth orbit UV
(<240nm) on eight different polyimides in air and in vacuum it was observed that there
was only surface photodegradation, primarily by the cleavage of imide linkages at the
C-N bonds. Surface oxidation occurred in air, and the rate of radical formation in air
was twice that in vacuum [135]. Further, it was reported that when Kapton H was
subjected to 114 - 400 nm UV in different doses to simulate solar radiation in low earth
orbit, molecular bond scission resulted [136]. The free radicals created at the surface
due to UV radiation < 200 nm are stable in vacuum but not in air [137]. A further point
is that these learnings are the fruit of an extensive and costly experimental effort.
UV light-induced surface modification of polymers has been studied in detail [138142]. It is an efficient method to create desirable surface properties. Studies on surface
modification of polyimide (PI) films using excimer lasers, plasma treatment, and
excimer UV lamp radiation attracted the attention of researchers as a means to improve
(e.g.) metal/polymer adhesion [143-148]. While each method has its own advantages,

158

using the excimer UV lamp has the benefit of being economical, convenient to use, and
environment friendly.
Previous materials studies of surface modification of polyimide with excimer UV
radiation at wavelengths of 126 and 172 nm found that UV exposure roughened the
surface and caused photo-dissociation of the imide group in PI at 126 nm [149]. The
morphology change was also much greater at 126 nm. Earlier, work on photochemical
dry etching of polyimide with excimer UV lamps at l =172, 222 and 308 nm showed
the highest etch rate at l =172 nm at a constant background air pressure of 10 mbar
in an exposure reactor [150]. In another study using a low-pressure Hg lamp at l =
184.9 and l =253.7 nm, it was observed that UV irradiation in vacuum changed the
conjugated structure involving nitrogen, but possibly left the imide ring unopened.
Irradiation in air led to oxidative cleavage of the imide ring in Kapton [151]. Numerous
studies have been conducted on the effect of VUV radiation from different sources on
polyimides under different conditions but to our knowledge no in-depth study of the
effect of a 172 nm UV lamp on Kapton under atmospheric pressure nitrogen in the
absence of oxygen has been reported. This latter topic is important because Xenon
excimer lamps offer a reliable and affordable UV source that could be deployed into
manufacturing if understanding of the transformation it can induce leads to efficient,
attractive applications.
Among the numerous types of polyimides, Kapton was chosen as it is the most
widely used in space applications. The structure of a monomer of Kapton is shown in
Figure 1 below.
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Figure 1: Molecular structure of Kapton (PMDA-ODA).
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Historically, the investigation of UV processing of polymer films proceeded chiefly
by exposing the film to the chosen wavelength and fluence in a suitable environment
and determining the effect on performance. In a time when few UV sources were
available, such a heuristic approach was as reasonable as any. Now the field is
broader. New UV sources, new polymers and new applications are available and
others could be if there were reasons to undertake the cost to develop them. The rapid
progress of computational modeling provides the means to improve the speed and
efficiency of progress by pointing to what combinations are most promising.
Previous theoretical studies have been done to simulate the effect of UV radiation
and atomic oxygen (AO) on Kapton in low earth orbital environment using reactive
force-field program (ReaxFF) [152]. This classical force field describes bond breaking
and formation, and differs from traditional non-reactive force fields in that the
connectivity is determined by bond orders calculated from interatomic distances being
updated at each step of the molecular dynamic simulation. It provides the
computational speed to run simulations on larger systems and describes the full
chemistry of the reactions. The structure of Kapton used was an amorphous
configuration using 30 monomers. The other materials evaluated were Teflon Kapton
polyhedral oligomeric silsesquioxane (POSS) and amorphous silica. It was found that
amorphous silica had the highest stability among the materials. Adding silicon
enhanced the stability of Kapton from atomic oxygen impact.

The results were

compared with actual data from materials exposed to low Earth orbit environment on
the exterior of the International Space Station. It was found that the erosion yields of
Kapton and Teflon in the first stages of simulation were close to the experimental
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results, thus proving that this simulation method can provide an initial material
optimization method.
This study has two aims. The first is to characterize the effect of 172 nm
irradiation on Kapton polyimide with respect to homogeneous and oxidative
degradation and with respect to activating desired surface transformations, especially
molecular grafting. The second aim is to evaluate the effectiveness of computational
modeling as a predictor of the polyimide’s response to UV irradiation.

Experimental

Materials
Vendor-supplied film of pyromellitimido- oxydianiline or PMDA-ODA (Kapton™,
DuPont, 50μm thickness), henceforward referred to as PI, was used for all experiments.
Samples were cut into strips about 2 x 2 cm, rinsed with isopropanol (Fisher, HPLC
grade) then deionized water (>18 MΩ), and vacuum dried prior to irradiation. The vapor
phase grafting reagent was 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1decene (99%, Aldrich), hereafter referred to as “HFD”.

Excimer lamp exposures
The UV-irradiation was accomplished using an Eden-Park™ 172 nm xenon
microplasma excimer lamp enclosed within a polycarbonate cylinder, sealed at the
ends and flushed continuously with boil-off from liquid nitrogen passed through a
desiccator to remove any traces of moisture. The material to be treated was attached
to the inner surface of the enclosure, providing a constant distance of about 5 cm from
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the lamp. An International Light Model 1400A photometer with a SED-185 detector
head was used to measure the irradiance at the sample position. The spectral energy
distribution of the lamp and the detector response curve do not overlap perfectly, so it
was necessary to introduce a correction factor to the meter reading to acquire the actual
UV dose. The average irradiance received at the sample position is about 90 mW/cm2.
Multiple samples were acquired at corrected dose levels of 8, 16, 32 and 64 J/ cm2.
The grafting agents were introduced into the lamp enclosure by bubbling dry
nitrogen through the corresponding organic liquid at room temperature at a flow rate of
around 10 cm3 /min. The average irradiance received at the sample position is about
70 - 90 mW/cm2, depending on the absorptivity of the different vapors. Multiple samples
were acquired at corrected UV dose levels of 0, 8, 16, and 32 J/ cm2.

Surface analysis
Samples for surface analysis were rinsed with isopropanol (Fisher, HPLC grade)
and then deionized water (>18 MΩ) before irradiation, and vacuum dried to remove all
traces of moisture. For each condition in the experiment, at least three distinct samples
were prepared separately and analyzed at three different surface locations to ensure
repeatability.
XPS data were collected with a PHI Quantera instrument, using monochromated
Al Kα radiation with charge neutralization. Spectra were collected from 200 µm diameter
spots at a photoelectron takeoff angle 45˚ to the surface. The experiment was repeated
and data collected at least thrice to ensure reproducibility.
Time of flight secondary ion mass spectrometry (ToF/SIMS) is an extremely
surface sensitive technique where the sample is bombarded with a beam of high energy
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primary ions in ultra-high vacuum condition that causes sputtering of the material to
yield positively or negatively charged analyte ions [153]. These ions are then
electrostatically collected and mass analyzed to provide valuable information about the
topmost layer surface chemistry. A PHI TRIFT II CE ToF/SIMS was used to raster a
200 × 200 μm surface area using 12 keV gold cluster ion beam with ~ 3 nA current and
extraction voltage set at 6900 V. To ensure that only the topmost layer was collected
and to prevent sample charging, the data acquisition time was set for 2 min with charge
compensation. The sample surface received an average ion dose of 2.7×1010 ions/cm2,
well within the static regime for SIMS analysis. Multiple areas were sampled and at
least three samples were used to make sure that results were consistent and
reproducible.
AFM data was obtained by a Digital Instruments Dimension 3100 AFM with a
NanoScope IV® controller, using a 75 kHz resonant frequency tip in tapping mode. The
force constant of the tip was 3N/m. The images were analyzed using NanoScope
Analysis V.170 software. Multiple 5µm×5µm areas were sampled for analysis.
Surface topography was also studied using a Hitachi S4700 Field Emission
Scanning Electron Microscope. To prevent rapid surface charging, the samples were
sputter coated with a thin layer (~36 nm) of gold.
Contact angle measurements were performed using a Tantec CAM-MICRO
contact angle meter. This instrument uses the direct optical method to measure a
sessile liquid drop on the flat polymer surface. The manual error is around ± 2˚.

Results and Discussion
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XPS
The XPS results provide valuable insight into the change in surface chemistry
due to UV irradiation [154]. The average intensity ratio of the O 1s and C1s peaks from
three untreated samples is 0.224, close to the nominal value of 0.227. The O/C ratio
gradually increased with irradiance from untreated to 0.312 at 8 J/cm2 and 0.335 at 64
J/cm2, and then reached a steady state, as seen in Figure 2(a). Similarly, the average
intensity ratio of the N 1s and C 1s peaks in untreated samples is 0.086, which is close
to the nominal value 0.091, as shown in Figure 2(b). Here also the values increased
with increasing radiation, although very slightly to 0.112 at 8 J/cm2 and to 0.119 at 64
J/cm2. The error bars were calculated using standard deviation method.
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Figure 2: (a)Oxygen to Carbon (O/C) ratio and (b) Nitrogen to Carbon (N/C) ratio for
the surface of PI with increasing UV irradiation.
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The increase in ratio of O/C and N/C with radiation could happen with an increase
in the surface oxygen and nitrogen content or due to loss of carbon. If we consider that
the nitrogen gain (around 38%) is due to loss of a carbon-bearing moiety that has no
oxygen, then the oxygen gain would also be about the same percentage. However, the
oxygen gain is around 50%, which would indicate surface oxidation. In our experiments,
control samples of polyethylene (PE) which were placed in the same conditions during
the radiation treatments only showed trace amounts of oxygen pickup.
Tanaka, Bando, Matsubayashi, Imamura and Shimada [151] reported the effect
of VUV on PMDA-ODA in air and vacuum using XPS and XAFS. No significant change
in the spectrum was observed in vacuum, however, in air the relative peak area ratio
of O1s relative to C1s increased by 17 percent. Hill, Rasoul, Forsythe, Odonnell,
Pomery, George, Young and Connell [135] found that in UV irradiation in air the ratio
of O1s to C1s increased sharply in a few minutes and then reached a plateau after 30
minutes, indicating opening of the aromatic rings and the production of volatile low
molecular weight species. The N 1s to C1s ratios also increased, and this could be
related to the reduction of carbon atom concentration.
Any photochemical reaction occurring at the surface is dependent on the incident
photon energy as well as the presence of chromophoric groups that are able to absorb
the incident radiation. The absorbed energy also suffers attenuation as it passes
through the polymer. Thus, even with increased radiation doses, the reaction remains
concentrated in the surface layers. This also known as the “skin effect” and is frequently
observed in light induced reactions in polymers. The leveling off of the O/C and N/C
atom ratio beyond total UV dosage of 32 J/cm2 is likely due to a combination of this
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non-reactive skin layer as well as the by-products of the Norrish type reaction reaching
a steady-state loss rate at the available surface.

ToF- SIMS
The ToF-SIMS results provide valuable and detailed insight about the chemical
structure at the top few monolayers [155]. As the negative-ion spectra provides more
information in the case of polyimides [145, 156], the negative-ion spectra for untreated,
16, 32 and 64 J/cm2 treated samples in the m/z =100-190 range are shown in Figure
3.
In PI, the characteristic peaks for the untreated sample in the 100-200 m/z range
in negative ion spectra are at 118, 134 and 144. This agrees well with previous
research, Wolany, Fladung, Duda, Lee, Gantenfort, Wiedmann and Benninghoven
[145]. Upon radiation to 64 J/cm2, the existing fragments at 118, 134, 144, and 171
increase in intensity. The photon energy from the Xe excimer lamp is around 695.66
kJ/mol, which is sufficient to break most of the bonds including the aromatic ring. The
possible fragmentation of PMDA-ODA is shown in Figure 4.
To better visualize and compare the different peaks, their integrated values from
the raw data are plotted in the bar graph in Figure 5(a). In the untreated polymer, the
characteristic peak at 118 has the highest intensity. Taking 118 m/z to be the
comparative intensity in each sample, the relative intensity ratios of the other peaks are
plotted as shown in Figure 5(b).
It is observed that the intensity of the 118 peak nearly doubled from untreated to
16 J/cm2 treated sample, then increased by ~15% at 32 J/cm2 and remained almost
constant with further radiation to 64 J/cm2. This indicates that the availability of the
168

fragment at 118 on the topmost few nanometers of the surface greatly increased with
radiation, however the trend was not linear with increased total radiation dose.
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(a)

(b)

(c)

(d)

Figure 3: Negative-ion ToF-SIMS spectra of (a) untreated and (b) 16 J/cm2 (c) 32
J/cm2 and (d) 64 J/cm2 treated PI samples, m/z=100-190.

170

m/z = 144

m/z = 134

m/z = 118

Figure 4: Generation of characteristic fragments for PI [145].

171

Figure 5(a)-(b): Relative intensity ratios of the peaks in untreated and radiation
treated Kapton samples.
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In case of the 134 peak, the intensity at 16 J/cm2 increased by around 2.35 times
from its value in the untreated sample, then increased by ~20% at 32 J/cm2 and then
remained almost steady with further radiation till 64 J/cm2. Thus, the availability of the
134 species also increased with radiation. When plotted as a ratio with the 118 peak,
there is an increase of approximately 60% with radiation at 16 J/cm2.
The peak at 144 increased by around 1.75 times its initial value in the untreated
sample when radiated to 16 J/cm2, then increased by ~70% with further radiation till 32
J/cm2, then decreased by around ~12% at 64 J/cm2. Compared with the 118 peak, the
increase in ratio here ~ 83% was highest at 32 J/cm2.
These relative increases of the different characteristic molecular fragments
detected by the ToF-SIMS before and after radiation of the sample surface can be
attributed to the fragmentation of the PMDA-ODA molecule in the presence of UV light.
The peak at 144 increased much more compared to the others meaning that the
dianhydride group remains at a higher concentration on the surface than the other
functional groups after 172 nm UV light irradiation.

SEM
Scanning electron microscopy images were obtained from the untreated and
irradiated samples to look for evidence of topography changes, Figure 6. To prevent
rapid sample charging and degradation, all the surfaces were sputter coated with gold.
From the images, it is observed that the surface morphology changes slightly from
untreated to 16 J/cm2 but no change is discernable with increasing the total radiation
dose to 32 and 64 J/cm2.
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0 J/cm2

16 J/cm2

32 J/cm2

64 J/cm2

Figure 6: SEM images of untreated and radiation treated PI. The radiation treatment
was 16, 32 and 64 J/cm2 of 172nm UV light.
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AFM
The measurement and evaluation of surface roughness of any material is of
critical importance in the fundamental understanding of properties such as adhesion,
friction, wettability, contact mechanics and biocompatibility. A significant amount of
both experimental and theoretical research has been conducted for decades on the
analysis of the surface roughness of polymers and its implications in practical
applications. As an example, surface roughening of polyimide films due to atomic
oxygen erosion in outer space led to a decrease in tensile strength and elongation. This
was likely the result of the excessive stress being concentrated at concave regions on
a rough surface leading to crack formation during mechanical deformation [157]. Again,
the adhesion strength of silver colloids to polyimide surface was found to increase
proportionally to surface roughness till 880 nm [158].
Primary topographic analysis in our experiment was carried out with AFM on each
of the untreated and UV treated specimens. Figure 7 shows topographic images of
untreated and 16, 32, and 64 J/cm2 radiated samples. The overall waviness of the
surfaces increases with increasing radiation doses. There is a smoothening effect
observed till 16 J/cm2, but beyond 32 J/cm2 the surface becomes roughened and
photochemical etching takes over.
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Figure 7: AFM surface scans of PI untreated and treated with 8, 16 , 32 and 64J/cm2
irradiation.
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The roughness analysis of a real surface is a very complex subject, and it is
impossible to provide a complete representation with a finite number of parameters.
According to their functionality, these parameters are categorized as amplitude
parameters, spacing parameters and hybrid parameters. Amplitude parameters are the
most important and widely used to characterize surface topography [159].
For general quality control the arithmetic average height Ra is the most widely
used amplitude parameter. The root-mean-square roughness Rq is frequently used in
statistical analysis. By definition, Ra is the arithmetic average of the absolute values of
the surface height deviations measured from the mean plane. Rq is the root-meansquare average of height deviations taken from the mean image data plane. It is more
sensitive to large deviations from the mean value.
In our study, the roughness parameters Rq and Ra were calculated using
NanoScope Analysis Version 1.70 software, the threshold value was taken as 12.5 nm
in each case; six different measurements were taken for each condition and the
standard deviation error was calculated as shown in Table 1.
In both the measurements it is observed that the surface becomes smoother
compared to untreated material at 8 J/cm2 and then becomes more rugged due to
increasing radiation till 32 J/cm2 after which it appears to smoothen at 64 J/cm2. This is
likely due to the fact that photoetching sets in at this point.
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Table 1: Surface roughness parameter of polyimide and irradiated polyimide,
measured with AFM.
Roughness
Parameter
(nm)
Ra
Rq

0 J/cm2
1.29 ± 0.03
1.71 ± 0.03

8 J/cm2
1.08 ± 0.03
1.39 ± 0.06

16 J/cm2
1.95 ± 0.04
2.43 ± 0.05
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32 J/cm2
3.11 ± 0.02
3.85 ± 0.03

64 J/cm2
2.63 ± 0.03
3.25 ± 0.04

Contact angle measurements
The water and mineral oil contact angles resulting from the increasing doses of
172 nm UV radiation on polyimide surface were measured by a manual contact angle
meter. As seen in Figure 8(a), with water there is a slight increase at 8J/cm 2, likely
due to the initial smoothening effect of UV light. Beyond this the surface becomes
hydrophilic with increasing radiation. No significant hydrophobic recovery was evident
for any of the materials after a month. The mineral oil droplet spread on the film surface
almost instantly in all cases, as noted in Figure 8(b).
The contact angle depends, among other parameters, on the surface
microstructure, roughness, and surface chemistry [160]. Studies on synthetic textile
fabrics exposed to 172 nm UV excimer light showed increase in wettability [161]. UV
lasers have been used to tailor the surface wettability of Kapton [162, 163], however
the behavior of UV treated surfaces differs from those of plasma or laser treated
surfaces [164]. This is due to the mode of delivery of the energy, in case of lasers a
large amount of energy impinges on the material in a very short time of around a few
nanoseconds, so the photo thermal and photomechanical effects dominate over
photochemistry. In case of UV, the radiation happens over a time period of several
minutes or more, and photochemical effects are significant [143].
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Figure 8 (a) Water and (b) mineral oil contact angle on PI surfaces with varying
172nm UV radiation.
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Computational modeling
To gain further mechanistic insight to guide interpretation of the recent results
and the path of future R&D on UV processing of polyimide surfaces, a primary step is
to obtain an indication of where the energy is going initially in the molecules. UV
absorption usually involves promotion of electrons from high-lying occupied orbitals to
relatively low level un-occupied orbitals. As PMDA-ODA is highly conjugated, it will
have low-energy p to p* transitions in the visible and higher-energy transitions in the
ultraviolet region. A useful starting point to model the UV-absorption behavior of PMDAODA is to represent it by successively larger molecular fragments, as shown in Figure
9. Computational chemistry predictions of the UV-absorption spectra of the monomer,
dimer and trimer, are shown in Figure 12. Monomer, dimer, and trimer structures were
optimized using the Gaussian 09 suite of programs using the B3LYP/3-21G method
[165-168].
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(a)

(b)

(c)

Figure 9: Structure of PI monomer, dimer and trimer used for computational modeling.
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The lowest-energy excited states for the monomer, dimer, and trimer were then
calculated using the ZINDO protocol [169]. ZINDO calculations seem to be limited to
180 excited states in G09; repeated attempts to reach beyond this were unsuccessful.
Due to the huge number of atoms in the dimer and the trimer, there are more than 180
states with energies below 172 nm. The highest-energy transition that we could access
for the dimer occurs at 179.9 nm and for the trimer it occurs at 196.9 nm. Consequently,
we are unable to access enough states to see if there transitions at 172 nm for the
dimer or the trimer. Insight for these species comes from analyzing the calculated
spectral features for the monomer and for lower-energy transitions in all three species.
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Figure 10: UV-Vis spectra of PMDA-ODA monomer obtained by computation and
actual UV lamp emission spectrum.
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Figure 10 shows the calculated uv-visible absorbance spectrum for the PMDAODA monomer along with the experimental emission bandwidth of our source. Three
broad transitions are seen for this molecule with lmax near 285, 210 and 166.2 nm. The
transitions near 285 and 210 arise from various p to p* transitions from the conjugated
ring systems.

Similarly, the transition near 166.2 nm comprises several p to p*

transitions from the PMDA and ODA sub units. Table 2 shows the ZINDO-derived
transitions that comprise the peak at 166.2 nm for the monomer, with the orbital plots
for the occupied and excited states in Figure 11.
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Table 2: Expansion coefficients for the excited states at 166.2 nm in PMDA-ODA
monomer
Wavelength (nm)

Oscillator strength

166.2

0.201

Occupied
91 ®
91 ®
93 ®
94 ®

Un-occupied
106
115
113
126

95 ®

127
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As we were unable to calculate enough excited states to get down to 172 nm for
the dimer and the trimer, we can examine the effect of oligomer length on the features
that we can calculate. Figure 12 shows the ZINDO-derived UV-Vis spectra of the
monomer, dimer and trimer of PMDA-ODA. The transitions near 285 and 210 are both
observed for the dimer and the trimer. These peaks shift slightly to the red with
increasing oligomer length. We can therefore assume that if we were able to reach
beyond 180 states for the dimer and trimer, we would see a peak that is slightly red
shifted from 166.2 nm, which should overlap strongly with the 172 nm excimer UV lamp
spectrum.
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MO#91#

MO#106#

MO#91#

MO#115#

MO#93#

MO#113#

MO#94#

MO#126#

MO#95#

MO#127#

Figure 11: Calculated excited states of PI Kapton monomer associated with
absorption at 166.2 nm.
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Figure 12: UV-Vis spectra of the monomer, dimer and trimer of PMDA-ODA obtained
by computation.
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Fluorocarbon (HFD) grafting
A material with low surface energy is attractive in applications such as drag
reduction, self- cleaning, and anti-fouling [170]. Research has been done to tailor the
surface of polyimides as they are used in spacecraft and in other extreme environments
[171].
Previous work in our group successfully grafted long chain perfluoroalkyl group
(C10H3F17), “3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-decene” or HFD on
polyethylene terephthalate assisted by 172 nm UV light [37]. The grafted layer imparted
oil and water repellency to the material. In this case, the Kapton samples were UV
radiated in presence of vapor phase HFD, and then the XPS data was collected for F/C
ratio.
Samples exposed only to vapor phase HFD but without UV treatment showed
almost negligible traces of fluorine. With radiation, the F/C ratio increased. It is seen
that the F/C ratio increases until 16 J/cm2 and then decreases. To investigate if the
grafted layer was durable, the samples were vigorously agitated in a soap solution for
2 minutes and then in clean tap water for 2 minutes, finally vacuum dried. The XPS of
the washed samples show that the grafted layer is durable, as seen in Figure 13.
The negative-ion ToF-SIMS data for 16J/cm2 radiated sample in presence of the
grafting agent shows the presence of strong characteristic fluorocarbon peaks at 119
(C2F5+) , 131(C3F5+) and 169 (C3F7+) [172] as shown in Figure 14.
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Figure 13: F/C ratio from XPS data for (a) HFD grafted and (b) HFD grafted and
washed PI samples.
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(a)

(b)

Figure 14: Negative-ion ToF-SIMS of a) untreated and b) 16 J/cm 2 UV treated and
HFD grafted PI.
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Contact angle measurements:
Contact angle measurements for the UV treated and HFD grafted samples were
done for both deionized water and light mineral oil. As seen in Figure 15(a), the water
contact angle is highest (~98˚) at 8 J/cm2 total UV dose. This agrees with the results
in Figure 8, where the water contact angle increased to 80˚at 8 J/cm2 due to
smoothening of the surface, the HFD graft further enhances the effect to ~100˚. The
trend follows with higher UV doses, and the contact angle is higher by around the same
amount compared to the non-grafted samples. This indicates that the both surface
chemistry and morphology changes are taking place.
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Figure 15: (a) Water contact angle and (b) light mineral oil contact angle for HFD
grafted PI.
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The mineral oil contact angle trend is plotted as shown in Figure 15b. With only
UV treatment and no grafting, the PI surface was highly oleophilic and the oil droplet
spread on the surface almost instantly. With UV radiation and grafting the contact angle
increased with increasing UV dose till 16 J/cm2, and then decreased slightly at 32
J/cm2.

Conclusion
In our work, we found that when Kapton polyimide is irradiated by 172 nm UV
from a Xenon excimer lamp in nitrogen atmosphere, it showed evidence of changes at
the surface as observed by XPS, ToF-SIMS, AFM and contact angle analysis. Previous
studies involving VUV radiation on Kapton noted that the radiation had little effect in a
vacuum environment, however, in air, rapid oxidation of the surface along with ablative
degradation took place. We observed both surface chemistry changes as well as
surface roughening; the effect was most pronounced at a total UV radiation dose of 16
J/cm2, and with further increase in radiation dose the skin effect took place.
Computational modeling of the UV absorbance spectra indicated that there is a
small transition happening in the monomer at 166.2 nm. This agreed well with the
experimental data, which revealed that the material is relatively stable in our lamp
wavelength region under the given conditions. This method could be used in other
scenarios to predict the effect of different UV wavelengths on the material. However,
the model had its limitations, as we could only use a small representative basis set for
the calculations. The actual polymeric structure is far more complex, so this method
only serves as a guidance tool.
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The XPS and ToF-SIMS data indicated that there was breaking of the aromatic
bonds and possible formation of surface active sites. To find out if these photo-induced
surface-active sites would be amenable to grafting we tried in situ vapor phase grafting
of a long chain fluorocarbon, HFD. The results indicate the formation of a low surface
energy grafted layer. This hydrophobic and oleophobic layer was moderately washstable when washed with a mild soap solution in water simulating a light hand wash,
and did not age significantly when kept in normal atmospheric conditions for two
months.
This process of grafting could be beneficial in applications where only the surface
properties of Kapton need to be customized to meet specific needs without changing
the bulk properties.
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Chapter 6
Cellulose surface modification by
deep UV irradiation and grafting.
Abstract
Cellulose fiber from sustainable sources is the most abundantly available
biopolymer, vital in textiles, paper, packaging and composite materials. A significant
challenge in many applications is its highly hydrophilic surface. Numerous methods
have been researched and developed to modify the cellulose surface, and to impart
desirable

functionalities

such

as

water-resistance,

oil

resistance,

adhesion,

printability, biocompatibility, and others. Among them, UV assisted grafting is
particularly attractive as it is versatile, efficient and does not affect the bulk material
properties.
The quasi monochromatic radiation from the 172 nm xenon excimer lamp has
been previously used by our group and others to successfully create active surface
sites on polyesters. These then enabled grafting new functionalities onto the material
surface. The process is relatively straightforward, convenient to use, economic and
environmentally friendly. Although chemically pure cellulose does not absorb UV
radiation below 200 nm, chromophores naturally present in the material are sensitive
to deep UV wavelengths. To the best of our knowledge, there is only one reported
study on the effect of 172 nm VUV radiation on cellulose.
In this work, we studied the effect of varying doses (0-32 J/cm2) of UV radiation
from a xenon excimer UV microplasma lamp on cellulose filter paper surface. The
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reactivity of the irradiated surface toward nitrogen-borne heptafluorodecene vapor
was investigated. The samples were characterized using AFM, XPS, ToF-SIMS and
contact angle measurements. It was found that grafting reaction did occur between
the photolytically produced radical sites and the vapor phase grafting agent. The
fluorocarbon grafting imparted hydrophobic and oleophobic nature to the surface.
Also, the grafted layer was significantly durable after moderate washing with soap
solution and water.

201

Introduction
In the modern world of synthetic polymers with varied functionalities, cellulose
remains the most important abundantly occurring renewable biopolymer [173, 174].
The properties such as biodegradability, easy availability, low cost, biocompatibility
make it attractive over synthetic polymers. Structurally, cellulose is a polysaccharide
composed of repeating 1,4-8-anhydro glucose units linked to each other by eight
ether linkages. The structure of cellulose is shown in Figure 1.
Cellulose and its derivatives are widely used in textiles, paper, pharmaceuticals,
food packaging and as reinforcing elements in composite materials [175-178]. In
many of these applications surface modification of the material is important to impart
desirable functionalities without affecting the bulk properties. For example, while the
highly hydrophilic nature of cellulose makes it useful as an absorbent material, the
very same characteristic leads to poor interfacial compatibility with the hydrophobic
polymer matrix in composites. [179, 180].
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Figure 1: Cellulose structural unit.
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Surface modification by grafting aims to improve adhesion, dyeability, abrasion
and heat resistance, antimicrobial/microbe resistance properties to mention a few.
Different techniques and materials have been used to create the grafted layers on
different cellulosic materials [181-184], and the capability to do so has attracted
researchers for long [183, 185-190]. These works include wet chemical treatments,
and physio-chemical treatments using corona, plasma, laser and UV radiation [191198]. A comprehensive review of cellulose based graft copolymers is provided in
[199]. Several of these techniques involved using a monomer /oligomer in solution, a
photoiniatior and radiation from g-rays, electron beams or UV light from actinic
sources. They form a coating, rather than modifying the cellulose itself. On the other
hand, excimer UV lamps have been successfully used to photochemically modify the
surface of synthetic polymers and the natural polymers wool and silk [200-207]. The
process is simple and efficient, relatively inexpensive and fast, non-toxic, and does
not affect the bulk of the material. The processing can be done at room temperature
and pressure, and the substrate surface is not heated. Moreover, the method is
scalable and can be deployed for large scale continuous processing [208-210].
However, only one publication on the effect of 172nm UV on cellulose by Vosmanska,
Barb, Kolarova, Rimpelova, Heitz and Svorcik [211] was found, who irradiated and
tested the effect of 172 nm VUV excimer lamp radiation on the surface chemistry of
cellulose fibers in air, N2 and NH3 atmosphere.
The material for their experiment was non-woven, perforated cellulose dressing.
Their SEM results showed that irradiation in N2 atmosphere resulted in cleaning and
smoothening of the surface. From the XPS and FTIR-ATR data this was attributed to
the decrease of C-C bonds and formation of surface carboxyl groups; NH3
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atmosphere caused the incorporation of 10.7 atomic percentage of nitrogen, which
could be used for functionalizing the surface with amide and amine groups. In air, the
photon energy likely led to C-O bond breaking, and combined with attack from excited
state atomic oxygen and ozone led to erosion of the surface. None of the processes
of only VUV exposure in different atmospheres was found successful in making the
surface favorable for antibacterial finishing. However, though their work shed light on
the preliminary effects of 172 nm UV on cellulose, their study did not address the
molecular mechanisms taking place due to the excimer UV lamp irradiation. The
intensity of the lamp used was 4 mW/cm2, and in nitrogen atmosphere the maximum
irradiation time was 15 minutes, thus the total UV dose applied was ~3.6 J/cm2. The
effect of increasing the dose was not investigated. Again, the possibility of
photochemically grafting vapor phase organic agents was not explored.
Earlier, Bongiovanni, Marchi, Zeno, Pollicino and Thomas [176] coated a
fluoromonomer onto filter paper and achieved a maximum water contact angle of
143˚. The grafting was carried out by dipping the material into a solution of the
monomer and photoinitiator in acetone, then irradiating with UV light from a lowpressure Hg lamp, again a coating overlayer. This change of surface functionality is
important in many applications of paper and cardboard where a water and oil
resistant surface is desired. Even more valuable would be a method to impart these
properties to the surface only, without the use of solvents and in a faster, efficient way
using UV-assisted photografting from the vapor phase.
In this study, the effect of varying doses of 172 nm UV radiation in a nitrogen
atmosphere on the cellulose filter paper was investigated in depth using XPS, FTIRATR, ToF-SIMS, AFM and contact angle measurements. The intensity of the lamp
used is much higher, ~ 90 mW/cm2, and the total dose level was varied to 0, 8, 16
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and 32 J/cm2. The maximum reported UV dose effect on cellulose under similar
conditions is ~3.6 J/cm2. Our results indicate that there is photoscission and formation
of surface radical sites with radiation, and there appears to be a reaction set point
reached at 16 J/cm2. There is no surface roughening evident from the AFM images at
that dose.
172 nm excimer lamp UV radiation in the absence of oxygen has been used
previously in our group to create active surface sites on synthetic polymers for
grafting new functionalities [212]. No reported studies were found on creating a
fluoropolymer surface on cellulose by direct vapor phase UV assisted grafting. In this
work, the fluorocarbon grafting was carried out by exposing the cellulose samples to
the nitrogen-borne vapor phase grafting agent simultaneously with the radiation. It
was found that the hydrofluorocarbon grafting made the surface hydrophobic
(maximum water contact angle of ~110˚ at 16 J/cm2, same as PTFE at 20˚C) and
oleophobic (~65˚with light mineral oil). The water and mineral oil droplets spread out
instantly on the untreated sample surface. The grafted fluorocarbon layer was found
to be partially durable when tested with a mild wash with soap and water. This is an
important result in applications that require reduced wettability and oil resistance, for
example cardboard for packaging, self-cleaning fabric. As the grafting occurs only at
the surface, the bulk material properties are unaffected. This process of creating a
cellulose fluoropolymer surface by photografting is does not require the use of any
toxic solvents, or special processing conditions. It is relatively fast and can easily be
scaled up and deployed.
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Experimental

Materials and Processing
The cellulose material used was Whatmanâ ashless filter paper, Grade 42,
Sigma-Aldrich. This was chosen as it contains around 98 % of a-cellulose. The
material was used as obtained. The UV-irradiation was accomplished using an EdenPark™ 172 nm xenon excimer microplasma lamp [213] positioned within a
polycarbonate enclosure, sealed at the ends and flushed continuously with boil-off
from liquid nitrogen passed through a desiccator to remove any traces of moisture.
The material to be treated was attached to the inner surface of the enclosure,
providing a constant distance of about 7 cm from the lamp. An International Light
Model 1400A photometer with a SED-185 detector head was used to measure the
irradiance at sample position. The spectral energy distribution of the lamp and the
detector response curve do not overlap perfectly, so it was necessary to introduce a
correction factor of 2 to the meter reading to acquire the actual UV dose. The average
irradiance received at sample position is about 90 mW/cm2. Multiple samples were
acquired at corrected dose levels of 8, 16, 32 J/ cm2.
A fluorocarbon 1H,1H,2H perfluoro-1-decene (99%, Sigma-Aldrich) was
chosen to impart very low surface energy. This is an olefin terminated fluorocarbon
that was previously used in our research on polyesters to create an anti-soiling easily
cleanable surface. The grafting agent were introduced into the lamp enclosure by
bubbling dry nitrogen through the corresponding organic liquid at room temperature at
a flow rate of around 10 cm3 /min. The average irradiance received at sample
position is about 70-90 mW/cm2, depending on the absorptivity of the different
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vapors. Multiple samples were acquired at corrected UV dose levels of 0, 8, 16, and
32 J/ cm2.

Characterization
XPS

data

were

collected

with

a

PHI

Quantera

instrument,

using

monochromated Al Kα radiation with charge neutralization. Spectra were collected
from 200 µm diameter spots at a photoelectron takeoff angle 45˚ to the surface. The
experiments were repeated at least thrice to ensure consistent results.
Time of flight secondary ion mass spectrometry (ToF/SIMS) provides valuable
information about the topmost layer surface chemistry. We used a PHI “TRIFT II
CE” instrument to raster a 200 μm by 200 μm surface area using a 12 keV gold
cluster ion beam with ~ 3 nA current and extraction voltage set at 6200 V. Data
acquisition time was set for 5 min with charge compensation. The sample surface
received an average ion dose of 3.7×1010 ions/cm2, well within the static regime for
SIMS analysis. At least three locations were sampled for each condition to assure
that results were consistent and reproducible.
AFM data were obtained by a Digital Instruments Dimension 3100 AFM with a
NanoScope IV® controller, using a 75-kHz resonant frequency tip with force constant
3N/m in tapping mode. At least three 5µm × 5µm areas were sampled on each
material.
Contact angle measurements with deionized water and light mineral oil (SigmaAldrich) were made using Tantec CAM-MICRO instrument.

Characterization Results
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XPS
The XPS results provide valuable insight into the change in surface chemistry
due to UV irradiation [214]. The average intensity ratio of the C 1s and O 1s peaks
from three untreated samples is 0.82, close to the theoretically calculated value of
0.83 from the cellulose monomer (C6H10O5). The O/C ratio gradually decreased with
increasing UV irradiation from untreated to 32 J/cm2, as seen in Figure 2.
In their study on the 172 nm excimer UV lamp radiation on cellulose fiber in dry
nitrogen (99.99%, Linde) atmosphere, Vosmanska, Barb, Kolarova, Rimpelova, Heitz
and Svorcik [211] found the O/C ratio in their pristine material to be 0.54. The
cellulose content of the pristine material is not mentioned. With increasing radiation,
their XPS results showed a decrease in C-C bonds, increase of O-C-O/C=O groups
and formation of carboxyl functional groups (COOH) on the surface [211]. This was
attributed to the fact that the energy of the VUV photons was sufficient to break all but
the C=O bonds in cellulose. The lamp intensity used was 4 mW/cm2, and the
maximum irradiation time was 15 mins, so the total UV dose would be ~3.6 J/cm2.
The O/C ratio after 15 mins was 0.28.
In our case we observed a more gradual decrease in the O/C ratio even at
much higher doses. The depth of penetration in their XPS measurement is stated as
1 nm, which is more sensitive to surface oxygen contamination, and likely the cause
of their initial higher O/C ratio. The bond energy of the photons (7.21 eV) is sufficient
to break the O-H (4.74 eV), C-H (4.24), C-C (3.66 eV) and C-O (3.31 eV) bonds.
Thus, under the 172 nm UV irradiation, there is likely photoscission followed by
hydrogen abstraction (Norrish I and II reaction). These macroradicals formed can
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then combine among themselves and some of the volatile products, H2 and H2O are
liberated, leading to the decrease in O/C ratio.
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.

Figure 2: Oxygen to Carbon (O/C) ratio of 0, 8, 16, and 32 J/cm2 UV (172 nm) treated
cellulose.
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ToF-SIMS
To gain further insight about the change in the surface chemistry ToF-SIMS
analysis was done. The ToF-SIMS is a highly surface sensitive technique, giving us
information about the top few monolayers of the substrate. The positive ion ToF-SIMS
spectra of the untreated sample, and the samples at 16 J/cm2 UV are shown in Figure
3.
In the mass to charge (m/z) range 0-100, the mass fragments appear at m/z=
27, 29, 31, 39, 41, 43, 45, 55, 57, 69, 71 and 73.
Upon irradiation to 16 J/cm2, the peaks appear at m/z= 24, 26, 27, 29, 39, 41,
43, 55, 56 and 57. The peak at 23 is most likely from Na contamination. The intensity
of the peak at 29 (CHO+) compared to 27 and that at 41 (C2HO+) compared to 43
(C2H2O+) decreases from the untreated to treated sample. There is appearance of
new mass fragments with radiation at m/z= 24 (C2+), 26(C2H2+), 56(C202+) and
disappearance of the peaks at 31 (CH3O+), 45 CHO2+/C2H5O +), 71 and 73.
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(a)

(b)

Figure 3: Positive-ion ToF-SIMS results of the surfaces of a) untreated b) UV treated cellulose in the m/z range 0-100.
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FTIR-ATR
The ATR-FTIR data of the untreated and 16 J/cm2 UV treated cellulose is
shown in Figure 4(a).
As the IR beam penetrates much deeper into the bulk material, the signal from
the modified surface layer will be attenuated by signal from the untreated region. The
difference spectra was plotted to clearly observe the change in spectra. It is seen that
the tiny peak in the –OH stretch ~ 3334 cm-1 in the untreated material is absent in the
radiated spectra. A broadening of the band from 3350 ± 50 cm-1 (-OH stretch and
bend) is observed. There is an increase in the peak intensities at ~1110 cm-1 (C5-OC1 ring stretch) and ~1205 cm-1 (C5-O-C1 asymmetric bonding vibration) with
radiation. The untreated sample has a peak at ~1640 cm-1(molecular water) which
shifts to 1655 cm-1 with radiation, along with the appearance of a new peak at ~1721
cm-1 (C=O stretch).
To get a better understanding of the change in surface chemistry, the spectra of
a 16 J/cm2 UV treated and deuterated sample was taken. Deuteration causes a shift
in the band position due to reduced mass effect, and thus any surface-active groups
can be better identified. The spectra of the 16 J/cm2 UV treated, 16 J/cm2 UV treated
and deuterated samples along with the difference spectra is shown in Figure 4(b)
below. It is observed that there is a broad peak appearing in the deuterated sample at
~2400-2700 cm-1(OD stretching band). There is also a reduction in the band around
3000-3600 cm-1 (O-H stretching). However, these are the changes commonly
observed in case of deuteration of untreated cellulose [215].
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Figure 4(a): ATR-FTIR spectrum of untreated and 16 J/cm2 UV treated cellulose.
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Figure 4(b): ATR-FTIR spectrum of 16 J/cm2 UV treated, and 16 J/cm2 UV treated
and deuterated cellulose.
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Atomic Force Microscopy (AFM) of radiated samples
AFM analysis of the untreated and UV treated materials was done to investigate
the effect on surface topography of the cellulose filter paper with different doses of
172 nm UV radiation. Figure 5 shows the 5 µm´ 5 µm images of untreated, 8, 16, 32
and 64 J/cm2 radiated samples.
To gain better insight into the surface roughness with increasing radiation
doses, the root mean square roughness parameter Rq was calculated using the
NanoScope Analysis Version 1.70 software. By definition, Rq is the root mean square
average of height deviations taken from the mean image data plane [216]. To
calculate the error, six different 1µm ´ 1µm locations were chosen in each sample.
Similarly, the peak valley count parameters were also obtained [216]. The results are
plotted in Figure 6.
There appears to be a trend showing gradual smoothening beyond 16 J/cm2 in
both the plots. However, imaging the filter paper surface with the AFM poses a
challenge due to its intrinsically rough nature, and the uncertainty in the
measurements obtained is too large for a statistically significant conclusion to be
drawn.
Similar work done by Vosmanska, Barb, Kolarova, Rimpelova, Heitz and
Svorcik [211] using a lower intensity of 4 mW/cm2 reported a “cleaning effect” on
cellulose fibers in the nitrogen atmosphere. Their SEM images showed the gradual
smoothening of the frayed fiber edges with increasing total UV radiation.
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Figure 5: AFM images of cellulose untreated and treated with 8, 16 32 and 64 J/cm2
radiation.
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Figure 6: Surface roughness parameters plotted with increasing total radiation
dosage.
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HFD grafting

XPS
Fluorocarbon coatings are often used to create low energy surface coatings. In
this study, we used HFD as a grafting agent to investigate the effect on
hydrophobicity and oleophobicity which would help impart water and oil resistance,
anti-soiling property. The theoretically calculated value of fluorine to carbon in one
HFD molecule (C10H3F17) is 1.7. XPS analysis of the sample that was only exposed to
vapor phase grafting agent with no UV radiation showed negligible fluorine pickup.
With both UV radiation and the HFD present, there was an increase in the F/C ratio of
the cellulose samples as shown in Figure 7. The F/C ratio increased from untreated to
8 J/cm2 (0.36) and reached a peak at 16 J/cm2 (0.59). On further increasing the UV
dose to 32 J/cm2, the F/C ratio decreased slightly to (0.51).
Exposing the cellulose surface to vapor phase HFD post irradiation resulted in
only negligible fluorine pickup, with F/C ratio of ~0.053 when the radiation dose was
16 J/cm2. This indicates that the irradiation does not create surface sites with lasting
activity.
To test the durability of the fluorocarbon layer the grafted samples were
vigorously agitated in a mild liquid dishwashing detergent solution for 2 minutes, then
rinsed thoroughly for 1 minute in tap water. This was done to simulate a light hand
washing condition. The samples were then vacuum dried. The XPS results show that
the grafted fluorocarbon layer is partially durable, Figure 7. The durability was higher
for the 32 J/ cm2 washed sample, even though the XPS results indicate a lower F/C
ratio at that dose level.
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To investigate the water repellence of the fluorocarbon grafted cellulose filter
paper, 4 mm2 samples of both the untreated and grafted paper were taken and gently
deposited on the surface on the surface of water in a beaker. The untreated sample
was wetted and sank to the bottom in 18 minutes. The modified filter paper remained
floating for more than two weeks.
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Figure 7: Fluorine to Carbon (F/C) ratio of HFD grafted and HFD grafted and washed
cellulose.
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ToF-SIMS of HFD grafted samples
To further investigate the surface, ToF-SIMS was used to study the untreated
and HFD grafted cellulose samples. This provides information about the topmost
layers [217]. The results in Figure 8 show that the characteristic peaks of fluorinated
hydrocarbon at 119, 131 and 169 are prominent in the grafted sample [218].However,
the hydrocarbon peaks are also visible, indicating that the fluorocarbon coverage is
not very thick. The fully extended HFD molecule has been calculated to have a length
of about 11 Å, and the fluorocarbon ends tend to form a hydrophobic aggregate [212].
As the ToF-SIMS provides information from only the top 1-2 nanometers of the
surface, it is likely that the grafted fluorocarbon is present as a self-assembled
monolayer.
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(a)

(b)

Figure 8: Positive-ion ToF-SIMS results of the surface of a) untreated, b) 16 J/cm2 UV
treated and HFD grafted cellulose.
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Contact angle measurements with HFD grafting
The contact angle depends on the surface microstructure as well as chemical
composition [219]. Previous studies report that the combined effect of ozone and
fluoromonomer increased the contact angle on cotton fiber [220], and photo induced
grafting with short perfluoroalkyl chains led to the surface of filter paper approach
superhydrophobicity and up to 57 ˚ increase in oleophobicity [176].
Figure 9 shows the deionized water contact angle results on the cellulose
surface grafted with HFD at different doses of 172 nm UV radiation. The
measurements were obtained with a manual contact angle meter. With no UV
radiation, the water droplet was instantly absorbed. As the radiation increased the
contact angle also increased to 79˚ at 8 J/cm2, reaching a maximum of 110 ˚at 16
J/cm2 and then decreased with further radiation to 98˚ at 32 J/cm2. In the case of
mineral oil, the contact angle was similarly 0˚ with no radiation and increased
with increasing UV in presence of HFD, reaching 78˚ at 32 J/cm2.
Previous research with polyesters in our group showed that with HFD grafting,
the water contact angle increased by nearly 30% on average in all cases from
untreated to 8 J/cm2. For example, in the case of polyethylene terephthalate (PET)
the contact angle went from 74˚ for material with no radiation to 96˚ at 8 J/cm2
radiation with grafting. However, at 16 J/cm2 the value dropped to close to untreated
material at 79˚, and did not increase thereafter.
With mineral oil the contact angle went increasing from 0˚ to 58˚ at 8 J/cm2, and
to 65˚ at 16 J/cm2 beyond which no further increase was observed.
Thus, with cellulose the increase in hydrophobicity and oleophobicity is more
dramatic than that in polyesters.
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Figure 9: (a) Water and (b) mineral oil contact angle on HFD grafted cellulose with
increasing UV doses.
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AFM measurements of grafted samples
To find out the topographical condition of the grafted cellulose samples, AFM
images were obtained as shown in Figure 10. As before, multiple 5 µm ´ 5 µm areas
were sampled on each surface. From visual observation, there are no island
structures, and the surfaces look uniform.
In order to get a better idea of the graft thickness, the surface roughness
parameter Rq was calculated on six different 1 µm ´ 1 µm locations on each sample,
and the results are plotted in Figure 11.
If we assume that the grafted material bonds to the active surface sites and
forms a separate layer on the top, then the data likely indicates that the coating
thickness is ~20 nm for the HFD graft. As the surface of the filter paper was fibrous
and extremely non-uniform, the errors in measurement are quite significant, and the
AFM data alone is insufficient to give us complete information on the graft thickness.
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Figure 10: AFM images of untreated, 16 J/cm2 UV treated and 16 J/cm2 UV treated
and grafted cellulose surfaces.
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Figure 11: Surface Rq of untreated, 16 J/cm2 treated and 16 J/cm2 radiation grafted
samples.
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Summary
With increasing applications and demand for cellulose based materials, surface
modification to impart new functionalities without altering the bulk properties has
tremendous significance. In this work, we investigated the effect of increasing doses
of 172 nm UV radiation on cellulose surface from a high intensity xenon excimer
microplasma lamp. A similar work was done by Vosmanska, Barb, Kolarova,
Rimpelova, Heitz and Svorcik [211], however their starting material was non-woven
perforated cellulose dressing whereas we used Whatman 42 filter paper. The
percentage of pure cellulose in their material is not mentioned. O/C ratio for the
pristine unwoven material is shown to be 0.54, whereas in our case the O/C ratio for
the untreated filter paper is ~ 0.82, which is closer to the theoretically calculated value
of 0.83 for cellulose monomer. This difference might be due to impurities in their
starting material. Upon irradiation in nitrogen, we obtained a continuous and gradual
decrease in the O/C ratio. This decrease was also observed by Vosmanska, Barb,
Kolarova, Rimpelova, Heitz and Svorcik [211], and their O/C ratio decreased to
almost half after 15 mins (~3.6 J/cm2) irradiation. This is explained by the fact that
though chemically pure cellulose does not absorb below 200 nm, in the natural form it
is associated with lignin or some other chromophoric material that does absorb in that
wavelength region. The aromatic rings in lignin undergo photo-scission in the
presence of 172 nm UV radiation, along with the breaking of the hydroxyl bonds in
cellulose. Our AFM images showed a gradual smoothening of the surface with
radiation, and this corresponded with the “cleaning effect “and smoothening of frayed
edges observed by SEM by Vosmanska, Barb, Kolarova, Rimpelova, Heitz and
Svorcik [211]. With increased radiation doses, the surface Rq values decreased,
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however with the challenge in obtaining AFM scans on the fibrous surface, no
statistically significant conclusion could be drawn.
Previously, we were able to successfully graft hydrocarbons and a
hydrofluorocarbon to polyester surfaces using 172 nm UV light. This process is
versatile, efficient, and offers several benefits over the other commonly used
methods, such as fast processing time, ease of operation and environment
friendliness. In this study, we explored the use of 172 nm excimer UV light in the
absence of oxygen to graft new material onto the cellulose surface. This method of
grafting on cellulose to impart new functionalities has not been attempted before. The
small quantities of lignin radicals created by photo scission likely generates a chain
reaction to form surface active sites suitable for grafting. In the presence of the vapor
phase grafting agents in situ, the active surface sites formed enabled grafting of 1octene and n-nonane on the surface, as confirmed by XPS and ToF-SIMS results.
Similarly, the process was also successfully used to graft a fluorocarbon layer, which
imparted a hydrophobic and oleophobic nature to the samples. This is especially
significant in applications that require water and oil resistance. The fluorocarbon layer
was mildly wash durable when subjected to a light wash with detergent solution.
From the AFM images, it was found that the UV treated cellulose showed
smoothening of the surface with increasing radiation in a nitrogen atmosphere.
However, till 32 J/cm2 no significant damage to the surface was observed. Thus, the
bulk properties of the substrate are preserved in this technique. The process was
convenient and fast, and is scalable. The startup time was minimal, and the
photografting took place at normal room temperature and pressure. By selecting
suitable grafting agents, it is thus possible by this method to impart a wide range of
functionalities to the cellulose surface in the future.
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Conclusions
In this work, the effect of varying doses (0-32 J/cm2) of 172nm excimer
microplasma lamp irradiation in nitrogen atmosphere at an intensity level of ~70-90
mW/cm2 on cellulose filter paper was examined. The possibility of VUV assisted
vapor phase fluorocarbon grafting on the cellulose surface was also investigated. The
results revealed that there were differences in surface chemistry and topography after
irradiation. The VUV radiation had sufficient energy to break the cellulosic bonds and
create macroradicals, and an increase in carboxylic groups was observed. There was
no significant surface roughening observed till 16 J/cm2.The VUV radiation was able
create active surface sites amenable for grafting in situ. Grafting post irradiation
showed little fluorine pickup. The fluorocarbon grafted material at 16 J/cm2 showed
water contact angle of ~110˚, similar to that of pure polytetrafluoroethylene. The
contact angle with light mineral oil at that dose level was ~65˚. Preliminary results
revealed that the grafted layer was somewhat durable when subjected to a light wash
with mild detergent solution. A small sample of the modified surface was able to float
on water for over two weeks compared to the untreated sample that wetted and sank
in ~18 minutes.
This work is valuable in view of understanding in more detail the effect of 172
nm UV on cellulose surface and its application in photo-assisted grafting of new
material without affecting bulk properties. The fluorocarbon grafted surface is
valuable for applications such as wetting resistance in packaging, and improving
cleanibility in cellulosic textiles. The technique has great potential as other suitable
grafting agents can be used to impart different functionalities using this method. The
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process is novel, efficient, non-toxic, relatively fast, and easily scalable and
deployable.
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Chapter 7
Conclusion
The progress of modern engineering and technology depends upon the
development of advanced materials and processing techniques. The emphasis is on
integrating multiple high-performance materials rather than developing a single
material that fulfills all the requirements. Polymers have the widest range of applications
among all classes of materials, and an increasing global market. Surface and interface
properties are very important in most polymer applications. The ability to tailor the
surface without changing the bulk properties is extremely valuable and sometimes
crucial.
Currently used surface modification techniques were developed by Edisonian
methods, and have the drawbacks of poor process control, high operating costs and
use of hazardous chemicals. Availability of excimer UV lamps in the 1980’s led to the
development of a new strategy to modify polymer surfaces in a much more efficient,
environment friendly and economical process. Research was done to study the
potential of surface modification of polymers using the dielectric barrier discharge type
excimer UV lamp, however, the operating requirements and construction of the lamp
did not lead to large scale deployment. The recent development of the excimer
microplasma lamp has renewed research interest in using VUV light to modify polymer
surfaces. In this research, we built upon previous work in our group on modifying the
surface of one polyester, PET, using 172 nm UV irradiation.
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The aim of this research was to understand the effect of 172 nm UV in the
absence of oxygen on a broad range of polymeric materials, namely, four polyesters
PET, PTT, PBT and PEN, the Kapton polyimide, a polyolefin LDPE and cellulose.
Technical grades of all the materials were chosen to understand the fundamental
science as well develop a scalable deployable surface modification process. This
understanding was accomplished by combining a systematic experimental approach
with computational chemistry modeling. The results were used to successfully impart
new surface functionalities to the materials using a photo-assisted vapor phase grafting
process.
The results indicated that the process has the potential to encompass
tremendous breadth of materials, using one treatment apparatus for all. It is efficient,
relatively fast, economic, non–toxic and can be easily scaled up and deployed. The use
of different grafting reagents to impart desirable functionalities can be further
developed. Future research needs to be done to optimize the process, and explore the
possibility of using these enhanced materials in emerging applications.
The following is a very brief review of what we have learned from this study in
different perspectives that others might find beneficial.

Surface analysis
Four different polyesters of the same family: PET, PTT, PBT and PEN were
chosen. Several publications exist on the effect of 172 nm VUV radiation on PET in air
and vacuum, however few studies have been done in nitrogen atmosphere. To the best
of our knowledge, no publications on the effect of 172 nm UV on PTT, PBT and PEN
were found. Since each of these high performing polyesters has similar chemical
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structure but different physical properties, it was important to explore whether a
common processing platform existed for all. The intensity of the lamp used in our
experiment was much higher, and the effect of varying the total UV dose levels to 8, 16
and 32 J/cm2 was investigated. The effect of using two different intensity levels, 25
mW/cm2 and 90 mW/cm2, was also compared.
Surface analysis of the four polyesters revealed a similar trend in the change in
surface chemistry and topography with the varying doses of UV radiation. There was
carbonyl elimination and carboxylic acid group formation following a Norrish type I and
Norrish type II process. The carboxylic acid formation was confirmed in all the
polyesters using the silver derivatization experiment, where the silver uptake was found
to increase with increased radiation in all the four polyesters. The O/C ratio increase
was much higher at the same dose levels when the higher intensity lamp was used.
The surface roughening was also greater at the higher intensity.
The wettability of all the polyesters also increased with increased total irradiation
doses. At the same total radiation dose, the wettability was higher when the higher
intensity lamp was used.
In the case of Kapton polyimide, the effect of VUV radiation in vacuum and air on
the polyimide has been studied, however to the best of our knowledge, no work was
done to investigate the effect in nitrogen atmosphere. It was found that there was
change in surface chemistry and the surface roughness increased with irradiation. The
wettability also increased with increased radiation.
In case of polyethylene, only reported publication was found on the effect of 172
nm UV light on LDPE in nitrogen atmosphere. However, the purity of the nitrogen was
not mentioned, and the material showed high oxygen pickup in XPS analysis. A more
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detailed investigation was done in this research. With irradiation, LDPE showed
evidence of hydrogen abstraction and bond scission, and there was saturation in the
reaction beyond 16 J/cm2. AFM images showed a lamellated appearance of the surface
with radiation, and wettability increased with increasing total UV irradiation dose.
Similarly, only one reported publication was found on the effect of 172 nm UV on
cellulose in nitrogen atmosphere. However, their starting material was non-woven
fabric which had a much higher O/C ratio, whereas the O/C ratio in our case was very
close to the theoretically calculated value. With radiation, AFM images of the cellulose
surface showed evidence of formation of surface carboxylic bonds, along with
smoothening of frayed edges on the surface.

Computational modeling
Computational chemistry investigations are important to guide the interpretation
of the experimental results and to predict where the energy is going in the molecule for
future research on polymer processing. Each of the polyester and polyimide oligomers
were optimized using the Gaussian 09 suite of programs and AM1 semi-empirical or
the B3LYP/3-21G method. The lowest energy excited states were then calculated by
the ZINDO method. The resulting ZINDO derived UV-Vis spectra was the plotted for
each polymer. It was observed that all the five polymers had transitions with some
intensity near 172 nm. This is a significant tool as it can be used to predict which
wavelengths of light will be most effective in modifying the surface of a particular
polymer, the type of excimer lamp can be chosen accordingly.
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Grafting
172 nm UV-assisted grafting had previously been done in our group on PET
only. In this research, each the four polyesters were exposed to nitrogen borne 1octene, n-nonane or HFD vapors in the presence of varying doses of 172 nm UV
radiation. The results indicated formation of a grafted layer in each case. This is
valuable as it is the only known means to graft an alkane to a polymer, and the
grafting reaction followed similarly in all the polyester family polymers. The
fluorocarbon graft imparted hydrophobicity and oleophobicity to all the polyesters.
The maximum fluorine pickup in all the materials was at 16 J/cm2, the water and
mineral oil contact angles also being the highest at that dose level.
The fluorocarbon grafting was successful in Kapton, and similarly
imparted hydrobhobicity and oleophobicity to the surface.
In polyethylene, the fluorocarbon grafting led to a water contact angle of ~110˚
at 16 J/cm2, nearly the same as that of pure PTFE, and mineral oil contact angle of
68˚. The development of this VUV assisted vapor phase grafting process to
fluorinate polyethylene is a significant result as current methods to fluorinate
polyethylene require toxic solvents or complex and expensive processing conditions.
Similarly,

in

cellulose

the

fluorocarbon

graft

imparted

hydrophobicity

and oleophobicity. This is again a novel process as current methods employ grafting
from solution. Vapor phase VUV photo assisted grafting by this method offers the
possibility of treating the surface continuously and efficiently. The easy scalability
also overcomes a major challenge in the functionalization of cellulosic solid
substrates for industrial applications.
Conventional methods of fluorinating the surface of polymers use toxic materials
such as perfluorooctanoic acid or hazardous fluorine gas. The process is complex and
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involves special operating conditions. VUV assisted vapor phase grafting of a
fluorocarbon by this method eliminates these dangers, does not require any special
conditions other than the absence of oxygen, offers a greater degree of controllability,
is efficient, economic and scalable. This is a novel process and has not been reported
on polymers other than PET before.
In another set of experiments, the materials were exposed to the vapor phase
grafting agents immediately post irradiation. It was found that fluorine pickup post
irradiation was negligible in all the polymers studied. This indicates that the VUV
irradiation does not create surface sites with persistent activity.

Durability
A preliminary investigation of the durability of the grafted fluorocarbon layer was
conducted by subjecting each material to a light wash with detergent solution. It was
found that the grafted layer was highly durable in case of PET, PBT, PEN, PI, and
LDPE. In case of PTT the layer was slightly less durable, and cellulose surface showed
lowest durability. However, in a test to determine the wettability of the grafted cellulose
surface, a sample of unmodified material floating on water sank in 18 minutes while the
grafted cellulose stayed afloat for more than two weeks. This is evidence that the
modified material can repel water for a significant duration, and could be applied in
water resistant packaging applications.

Biocompatibility
To explore the preliminary effect on algae growth, untreated, 16 J/cm2 treated
and fluorocarbon grafted samples were all immersed in a culture medium containing
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chlorella algal cells. The samples all were kept in conditions optimum for algal growth
for three days, gently rinsed in water and observed under the Hirox microscope. Three
sets of data were taken. The results did not reveal a statistically significant difference
in algal seeding and cluster sizes among each differently treated material. Untreated
PEN showed the highest density of algae clusters among all the seven polymers, and
both radiation treated and fluorocarbon treated cellulose showed greater cluster sizes
than the untreated material.
These results were just a first test and could be influenced by a complex
combination of factors, such as the effect of the culture solution on the treated material,
the preference of chlorella to attach to a hydrophilic or hydrophobic surface of specific
surface roughness. However, the experiment did reveal that the fluorocarbon grafted
surface did not show any anticipated antifouling effect in this case. Further intensive
research needs to be done to explore the possibility of biocompatibility or antifouling
effects of the surface modified polymers for practical applications.
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